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Abstract

This paper presents the development of a vertical profiling air pollution monitoring system utilizing
Unmanned Aerial Vehicles (UAVSs), air quality sensors and a real-time monitoring system. The air quality
sensor incorporates the Arduino UNO R3 board programmed by Arduino Mega, along with other essential
components. These include the HPMAZ115S0 particulate matter sensor, ATH20 temperature and humidity
sensor, BPM180 barometric pressure sensor, GPRS Module model SIM80OL for data transmission, RTC
DS3231 for timekeeping and synchronization, and an SD card slot for data retention. The integration of
these technologies enables comprehensive and dynamic assessments of dust (PM2.5 and PM10)
concentrations and meteorological parameters (humidity and temperature) at different altitudes (0-120 m).
This study leverages the use of two handheld air quality detectors, the data from the Department of
Environment, and the nearby stationary sensor of AIRBOX Sense within the area of UiTM for data
comparison and field co-location. The obtained results demonstrate promising potential, as a comparison
between the collected data and the reliable data from the three sources revealed a fair similarity.
Holistically, the system empowers accurate data collection, analysis, and management, contributing to
improved understanding and mitigation of air pollution.
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1. INTRODUCTION

The urbanization process such as industrialization, conveyance and commercialization deteriorate the
air quality of urban areas compared to the less developed area (Leh et al., 2020). Furthermore, cities with
more complex shapes and higher population densities tend to have poorer air quality (Li & Zhou, 2019).
According to Doreswamy et al. (2020), the high levels of particulate matter in the form of PM1o and PM s
are exacerbating the air quality and leading to severe health implications such as lung cancer and
cardiovascular disease (Fortelli et al., 2016). These are the consequences of contemporary industrialization
comprised of liquid droplets, solid particles, and gas molecules, which are being dispersed into the
atmosphere (Doreswamy et al., 2020). Therefore, the past decades have seen a dramatic increase amount
of studies on PM distribution and its impact on public health, particularly for people living in urban areas
(Anenberg et al., 2019; Molina et al., 2017; Ridzuan et al., 2022).

In Malaysia, Klang Valley is the most well-known urbanized region in Malaysia that covers the area
of Selangor, Putrajaya and Kuala Lumpur (Wahap & Shafri, 2020). In 2021, it is known as the top area
which contributed the highest percentage (41.5 per cent) to the economic growth of Malaysia (Department
of Statistics Malaysia, 2022). This will lead to high population density in urban areas due to career factors
(Department of Statistics Malaysia, 2021). This is not a good sign, as Chen et al. (2019) revealed that
vertical living will be adversely affected, as the pollutant concentrations inside the buildings can be
considerably influenced by outdoor air pollutants. This is because the buildings make use of outside air for
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their ventilation systems. Meanwhile, about 5.5 million people in Malaysia lived in strata developments as
of June 2014 (New Straits Times, 2016). New Straits Times (2022) revealed that the competition for land
and greater space has gotten fiercer as the number of people in need of homes has increased by 14.2 per
cent. To counter this issue, Malaysian developers seek to build upwards rather than horizontally.

In order to monitor air quality, sensor-based monitoring systems often make use of sensor monitoring
stations set up by public or commercial organisations in specific areas in a city (Liu et al., 2020). The study
also revealed that, despite highly accurate results achieved by densely deployed static sensors, this method
still has issues with high costs and immobility. Furthermore, the geographical resolution required to identify
localised pollution hotspots and varied human exposures is not present in traditional fixed-site pollution
monitoring techniques (Apte et al., 2017). Currently, the ground measuring station is designed for air
guality measures on PM, which is frequently placed on surface ground permanent stations. It has been
proved to not accurately represent exposure on a tiny scale. The sites are also very few, with uneven
geographical intervals, resulting in less consistent air sample collection and assessment (Tian, 2008). The
ground stations do provide a steady stream of high-quality data but short geographical coverage is required
to generate an outstanding synoptic spatial pattern (Salahuddin & Ashaari, 2017). Furthermore, in case the
stationary monitoring stations are a kilometre from the sampling point, sufficient sample data cannot be
gathered reliably (Sevusu, 2015; Xiong et al., 2021). Besides, PM.s monitoring at ground level (1 to 3
metres) also is insufficient in small-scale areas with strata (Jumaah et al., 2021).

Besides, the ground-based observations are inadequate for a total understanding of the transboundary
transport of pollutants and the impact of atmospheric microcirculation (such as the urban heat island effect
and sea-land breeze) on the distribution of pollutants in urban areas (Ding et al., 2009; Strawbridge &
Snyder, 2004). Moreover, the atmospheric boundary layer (ABL) also has an impact on the particle's
upward motion, dispersion, diffusion, accumulation, and deposition (Gautam & Patra, 2015; Tang et al.,
2016). This is why, the measurements of ambient particles at multiple heights, rather than simply at a
particular height, provide better details regarding their origins and active transport (Zhou et al., 2020).
Therefore, in order to have a high ideal spatial and temporal resolution for data on air quality, three-
dimensional measurements (vertical profiles and horizontal profiles above ground level) are necessary
(Samad et al., 2022).

Hence, numerous countries have adopted various methods to aid in mitigating air quality and
monitoring practices. This includes satellite remote sensing, balloon-borne instruments and tower-based
measurements. While meteorological towers offer reliability and ease of maintenance, their effectiveness
is constrained by their limited height, typically several hundred meters, and lack of flexibility in terms of
location and data collection range (Peng et al., 2015; Wang et al., 2019). In contrast to conventional
observations made by meteorological towers, the UAV system offers technical support for air pollution
monitoring with good flexibility, convenient operation, as well as reliable data monitoring (Wang et al.,
2019). Besides, satellite-based remote sensing is highly efficient in capturing temporal and spatial changes
in tropospheric air pollution across different scales, but its accuracy is compromised by the limited
validation of data (Peng et al., 2015). Tethered balloons instruments offer the advantage of vertical air
pollutant measurement, in reaching extreme height altitudes even up to the upper stratosphere, but their use
is limited by insufficient sampling frequency and coarse resolution to resolve the detailed ABL structures
and their evolutions (Lu et al., 2019). Previous methods such as piloted aircraft, Light Detection and
Ranging (LiDAR) and manned aerial vehicles are capable of measuring the air pollutant concentration
vertically but it is proven as high-cost alternatives (Axisa & DeFelice, 2016; Li et al., 2015; Peng et al.,
2015).

The unmanned aerial vehicle (UAV) has gained popularity as a promising experimental platform for
conducting high-resolution vertical and horizontal profiling of atmospheric pollution in near-surface areas
due to its high manoeuvrability (Gu & Jia, 2019). UAVs also make it simple to incorporate adaptable and
cutting-edge technologies. For instance, to connect with low-powered and inexpensive devices (such as
smartphones) during the air contaminant sampling process, multiple sensors can be connected via Bluetooth
wirelessly (Sevusu, 2015). Unmanned aircraft systems (UAS), also referred to as UAV, is an emerging
technology that is expected to provide a workable substitute for current platforms for acquiring high-
resolution remote sensing data with increased operational flexibility, practical option, reliable alternative,
cost-effective, and a higher degree of versatility (Samad et al., 2022). By using UAV and remote sensing
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observations when conducting an in-situ measurement, dense resolved measurement of aerosol in the
atmosphere perpendicular to the ground is possible to be acquired independently. This is a crucial factor in
climate models (Mamali et al., 2018).

The past twenty years have seen increasingly rapid advances in UAVs in the field of air quality
measurements. Multi-rotor UAVs equipped with sensors and electronics have already been utilised by
researchers to analyse atmospheric pollutants (Samad et al., 2022). By using UAV equipped with PMsand
meteorological sensors, Han et al. (2018) investigated the difference in pollutant dispersion vertically
nearby the Ba River which focused on the area of urban water, green space and roads in China. By using
the same platform, the vertical profiling of several pollutants had been recorded in multiple locations in the
countryside of southern India (Gautam et al., 2021). Wang et al. (2019) found that the averaged relative
errors for measuring PMzsand PMy dispersions were 6.2% and 6.6%, respectively, within the area of Hong
Kong, China suggesting that the UAV system might be employed to monitor PM in an atmospheric setting.

Therefore, the study aims to develop an Air Quality Integrated System that uses unmanned aerial
vehicles (UAVS) in order to measure the PM2s and PMio concentrations, as well as meteorological factors
(temperature and humidity) vertically. The system will be designed to provide high-resolution data on the
spatial and temporal distribution of air pollutants, which will enable policymakers and urban planners to
develop effective strategies for reducing air pollution and protecting public health.

2. METHODOLOGY

2.1 Study Sites

The study was conducted within the area of Universiti Teknologi MARA (UiTM) Shah Alam, Selangor,
Malaysia. The study sites are being divided into two which are 1) at the main entrance of Seksyen 2 (N
3°04°14” E 101°30°14”) and 2) at the main entrance of Seksyen 7 (N 3°04°35” E 101°29°29”) as shown in
Figure 5. Study Site 1 is surrounded by house developments and residential areas. Meanwhile, Study Site
2 is known as the areas of commercial areas, residential areas, the development of the Light Rail Transit
(LRT3) Station, industrialization, and major highway.

Figure S Nearby the Akadem Pengajiar
Bahasa (APB) and the Main
Entrance o f Seksyen 2

STUDY SITE 1

N 3°04'14" £ 101°30"14"

STUDY SITE 2

N 3°04'35" £ 101°2929"

Figure 1: The study sites focus on the area of Seksyen 2 and Seksyen 7 of Shah Alam.

2.2 Vertical Air Pollution Profiling System Development
2.2.1 Air Quality Sensors
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This 0.396kg portable sensor comes with dimensions of 154.5mm x 115.0mm x 77.6mm (as shown in
Figure 2). It contains a) Arduino UNO R3 board, b) Particulate Sensor Module Honeywell HPMA115S0,
c) atmospheric pressure sensor of Bosch Sensortec BPM180, d) Temperature and Humidity Sensor
Sensirion ATH20, e) GPRS Module model SIM800L, f) a Real-Time Module, RTC DS3231 and g) SD
card slot for data retention. The Arduino Software's integrated development environment (IDE) is used to
programme the Arduino Uno board. The device has a battery life of 30 minutes with 3.7v and 3000mAh.
The data can be stored in real-time on an 10T Favoriot platform or an SD card inserted in the sensor. The
sensor interval measurements are 1 second and 10 seconds for the SD card and 10T Favoriot platform (as
shown in Figure 3) for real-time respectively.

During this study, the use of a dust sensor model has been proposed which is known as HPMA115S0. This
is because this device is a highly sensitive and accurate sensor designed to detect and count particles with
sizes ranging from 0.3 micrometres to 10 micrometres in the air, particularly those with a diameter of fewer
than 2.5 micrometres (PMzs). This sensor has a high sampling rate of up to 10,000 samples per second and
can provide real-time measurement data. The sensor’s power intake is typical; the power supply voltage is
5V, and the normal extreme current is about 120 milliamperes (mA). Overall, the integrated UAV platform
sensors including the associated loads are 2.3 kg approximately.

Figure 2: The ready-made dust sensors which are equipped with temperature and humidity as well as
atmospheric pressure sensors.

2.2.2 The Quadrotor System of UAV

The development of a quadrotor using the Pixhawk Cube for environmental studies involves several steps,
components, and technical considerations. The first stage of this research aims to develop a quadrotor
system as unmanned aircraft vehicles (UAVSs, or drones) for atmospheric data collection in a targeted area.
The system consists of a Pixhawk flight controller, an Ublox NEO M8N GPS module with a built-in
compass, a Multistar 63KV motor, a Frsky D8R receiver with a HORUS x10s remote control transmitter,
a custom-made 650mm quadcopter frame, and a LiPo battery of 4000 mAh at 35°C. The system is set up
and run by Mission Planner software. The sensor was designed to be attached to a rectangular box that
weighs around 500 g and houses the environmental sensor and IoT system for monitoring atmospheric
conditions. With a total weight of 1.8 kg, the drone is estimated to fly for around 15-20 minutes. However,
for safety reasons, the drone was flown for approximately 7 minutes before landing to recharge the battery.
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The drone is planned to be flown to an altitude of 120 metres in a vertical manoeuvre. Figure 3 shows the
quadcopter developed during this study as the carrier platform.
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Figure 3: The quadcopter developed as the carrier platform of the portable sensors.

2.2.3 The Real-time Monitoring System

The Internet of Things (10T) is a multi-component ecosystem that necessitates a variety of skills in order to
provide a decent and lucrative solution. It needs to include several tools that enable users to operate and
execute devices and data more reliably. Nevertheless, if it must be built from the ground up, the process
will be lengthy and time-consuming.

Favoriot is a networking platform designed for Internet of Things (1oT) and Machine to Machine (M2M)
applications (Favoriot, 2017). The data may be accessed in the dashboard's data monitoring section, which
is categorized into three parts: ATH20 (temperature and humidity), BPM180 (atmospheric pressure), and
Honeywell HPMA115SO (PM2.5 and PM10). Furthermore, all of this input is graphed for simple
comprehension. A graph of the given height as well as the relative sea-level pressure is shown as well.
These data may also be deleted and stored due to the SD cards and memory cards. The altitude, PM.s &
PMj1, concentration, pressure, sea level pressure, humidity, and temperature are examples of data collected
and stored by these loT devices as shown in Figure 4.
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Figure 4: The User Interface (Ul) and the dashboard of the IoT platform which includes the variables of
the study: (a) PMzs concentration (ug/mq), (b) PMio concentration (ug/m?), (c) Altitude (m), (d)
Humidity (%) and (e) Temperature (°C).

2.2.4 Schematic Diagram of Circuit
The schematic diagram for the UAV integrated system for PM and meteorological data monitoring is
illustrated in Figure 5.
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Figure 5: The UAV integrated monitoring system for PM and meteorological parameters.
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2.2.5 Programming and Software

The Arduino board was interfaced with the Arduino IDE which features the Integrated Development
Environment (IDE) and the core libraries. The lines of code were written in a programming language by its
open-source platform (Ruslan, 2015). Figure 6 depicts a part of the code uploaded to the Arduino Mega
board via Arduino IDE 2.1.0 software.

AIHZB AlH;

erial.println("GET DATA FROM ATH28 FAIL");

delay(108);

Figure 6: A part of the code lines uploaded into the Arduino IDE 2.1.0 software.

2.3 Field Experiment

By using the sensor of a quadcopter (UAV), this study will acquire the air quality primary data directly
from the two study sites proposed. The data acquisitions were carried out on 2 June 2022 (during Southwest
Monsoon) and 24 December 2022 (Northeast Monsoon). The data acquisition will include the PM2s and
PMio concentrations based on multiple altitudes (0-120 m; with an interval of 20 m), as well as the
meteorological factors (humidity and temperature).

The data is collected during the morning time zone from 8.00 a.m. to 12.00 p.m. according to the
previous studies (Gautam et al., 2021; Liu et al., 2018). According to Liu et al. (2020), the thermodynamics
of the ABL strongly constrains the vertical distributions of PM and their evolution during the day.
Meanwhile, the dependency on the ABL evolution at night is considerably less prevalent.

During the vertical data measurement (as shown in Figure 7), the drone is flown at increasing heights
(0, 20, 40, 60, 80, 100 m, 120 m) from the ground upward and from the above to the ground at the same
path and rate (speed of 1 m/s) twice at each study site and each day. During the flight operation, the data
that has been measured includes the PM concentrations and meteorological parameters (temperature and
humidity) based on multiple altitudes as stated prior.

The reliability of the UAV monitoring system depends on the PM sensor that is integrated into it. While
the sensor is initially calibrated in the laboratory, it can be influenced by real-world conditions. Hence it is
important to calibrate the system in the field (Wang et al., 2019). According to Peltier et al. (2021), two
approaches can be adopted to improve the measurement confidence and data quality of Low-Cost Sensors
(LCSs) which are comparison (by measuring the data from the sensor with the nearby data to evaluate
whether the sensors are measuring sensible values and changes) and field co-location (by comparing the
measurements data with those of another sensor that is known to be accurate, usually located close to the
first sensor to evaluate the performance of sensor). Despite the cruciality to adhere the validation hierarchy
to reach the calibration level, the researcher also revealed that it is typically impossible to reach that level.
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Previous studies have conducted field calibration experiments. For instance, Jumaah et al. (2021)
evaluated the result by comparing the reading measured with; i) the weather data for Malaysia obtained
from NASA data using the RETScreen programme by Unit Golf Universiti Putra, including data on the
country's climate history and ii) the local weather data from the state of Selangor. Besides, Wang et al.
(2019) in another study, carried out a calibration test at the air-quality monitoring station on a national level.
This was done to ensure that the monitoring system is accurate and reliable in real-world settings.

Therefore, the ground-based measurement is conducted prior to each flight. The measurement is
conducted based on a random sampling method. 20 random points will be selected randomly within the
area of each study site and the coordinates of the selected points are determined by using the Global
Positioning System (GPS). The data collected includes the PM concentrations and meteorological
parameters (temperature and humidity) by Air Quality Detectors as shown in Figure 8. The device is
selected as it possesses high efficiency and high responsive abilities (Jumaah et al., 2021). The PM sensor
readings of the UAV platform are compared with the measurement readings (PM concentration, humidity
and temperature) from the Air Quality Detectors. Besides, the data were also compared with the
meteorological and pollutant data on a similar day of data acquisition, from the Department of Environment
(DOE) and another stationary sensor of AiRBOX Sense within the area of UiTM.

Figure 7: The UAV was flown vertically from the ground upward and from above to the ground at the
same path and rate.

Figure 8: The air quality detectors used during ground-based measurement.

3 RESULTS AND DISCUSSIONS

3.1 System Architecture
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As depicted in Figure 2, the air quality sensor is integrated into three sensors which are PM sensors,
humidity and temperature, as well as the atmospheric pressure temperature. Based on the field experiment,
there are a few key benefits of this monitoring system that can be recognized. These include the:
e  Accessible components and a straightforward design
e Convenient, compact, and light;
e Affordable compared to other devices
e Uses a battery that may be charged externally
e  Comprise built-in sensors;
o Measurement of PM2sand PMio, humidity and temperature, along with the time, date, altitude,
absolute pressure and pressure at sea level simultaneously.
e The system can be modified (by incorporating additional sensors and determining the board model)
based on the intended purpose.
¢ Real-time monitoring and data visualization which enables timely decision-making and response to
pollution events in real-time.

3.2 Data Acquisition Results

The integrated UAV was flown twice at each study site from ground to above and from above to the ground.
Table 3.1 shows the number of times the data was captured offline (SD card) and on the 10T platform (real-
time). Based on the two seasons, SD Card and the real-time monitoring system are able to capture from 79
to 126 and 81 to 102 amounts of PM and meteorological parameters data for two flights, respectively. There
was not so much difference in the number of times data was captured between the SD card and the real-
time holistically. Based on the table, the 10T platform captured higher amounts of data during the dry season.
Meanwhile, the SD card is able to capture higher amounts of data during the wet season compared to the
loT platform.

Table 3.1: The Number of Times Data Captured at Every Study Site Based on The Season.

Number of Times Data
Seasons Study Site Fly Start End Captured
SD Card Real-time
Study Site 1 (Seksyen 1st 10:02:07 10:19:59 79 81
Dry 2) 2nd 10:55:48 11:05:16
Season Study Site 2 (Seksyen 1st 11:39:51 11:49:45 9% 102
7) 2nd 12:20:51 12:43:02
Study Site 1 (Seksyen 1st 10:09:05 10:21:02 101 97
Wet 2) 2nd 10:49:05 10:59:19
Season | study Site 2 (Seksyen 1st 8:16:05 8:30:29
126 86
7) 2nd 9:12:15 9:22:56

Figure 9 illustrates a part of the values of data captured during the data acquisition in the Dry Season
(Southwest Monsoon) in Study Site 1 and Study Site 2 by offline data and 10T platform. The data shown
only focuses from 10:02:00 a.m. to 10:17:00 a.m. in Study Site 1. The data captured during the period by
SD card and loT platform were 22 and 14 respectively. Meanwhile, the data shown in Study Site 2 only
focuses from 10:39:00 am to 10:46:00 a.m. The data captured during the period in Study Site 2 by SD card
and loT platform were 35 and 27 respectively. At both study sites, the offline data was captured in higher
amounts compared to the real-time data at a specific time.

The SD card captured lower amounts of data holistically, during the dry season in Study Site 1.
Furthermore, the data numbers captured offline at the specific time from 10:02:00 a.m. to 10:17:00 a.m.
were the highest. However, the number of data captured in SD card was higher than real-time during wet
season. Therefore, the total number of data captured is random and does not depend on the time. Certain



10 Authors / Mechatronics, Electrical Power, and Vehicular Technology XX (20XX) XX-XX

periods may have varied amounts of data captured. Additional errors in this situation could result from
vibrations, tilting of sensors during flight, changing pressure values with altitude, electronic drone operation
interference, turbulence effect on sensor inlet airflow, and changing pressure values. Besides, the Global
Packet for Radio Services (GPRS) can have an impact on the data captured by the air quality real-time
monitoring systems particularly due to data transmission reliability, network coverage and signal strength,
data latency, data loss and packet errors as well as bandwidth limitations. This is due to the high network
traffic as the sensing node continuously sends data to the cloud every 10 seconds (Jabbar et al., 2022).

Offline data (SD Card) Real-time data (IoT platform)

15 PM10 fug/m3)
PML0 (ug/m3) 10

114020 A
114028 AM

Figure 9: The Values of PM_ s concentrations (pg/m®), PMio concentrations (pg/m®), humidity (%) and
temperature (°C) data captured in; a) Study Site 1 by SD card, b) Study Site 1 by 10T platform, ¢) Study
Site 2 by SD card and d) Study Site 2 by loT platform.

Based on the result, during the dry season, the highest concentration of PM in Seksyen 2 was analysed
at 41-60m (PMzs: 48 ug/m3, PM1o: 49 ug/m3). Furthermore, the highest concentration of PM concentration
in Seksyen 7 was recorded at 61-80 m (PM2s: 61 ug/m3, PM1o: 63 ug/m3). Overall, the highest PM, s and
PMjo concentration from both study sites were analysed within the area of Seksyen 7 at 61-80m which are
61 ug/m?® and 63 ug/m? respectively.

On the other hand, during the wet season, the highest concentration of PM in Seksyen 2 was analysed
at 61-80m (PM2s: 36 ug/m3, PM1o: 38 ug/m3). Furthermore, the highest concentration of PM concentration
in Seksyen 7 was recorded at 41-60 m (PM.s: 66 ug/m3, PMao: 61 ug/m3). Holistically, the highest PM. s
and PMso concentration from both study sites were analysed within the area of Seksyen 7 at 41-60m which
are 66 ug/m* and 61 ug/m? respectively.

By utilizing the convenient, compact, and light air quality sensors device, the PM2s and PM10
concentrations, as well as meteorological factors (temperature and humidity) had been measured vertically.
This is because, this integrated UAV device is also equipped with the PM, temperature, humidity and
atmospheric pressure sensors. Therefore, the system has proven to be a successful and efficient method to
answer the objective of the study in order to measure the PM concentration in urban regions vertically. This
system can be conveniently programmed using Arduino's IDE software, enabling easy manipulation of
input and output. Additionally, this system incorporates an SD card and real-time monitoring system in
order to measure and store the readings either offline or online.



Authors / Mechatronics, Electrical Power, and Vehicular Technology XX (20XX) XX-XX 11

The utilization and integration of the sensors makes air quality monitoring more accessible to
individuals, communities, and organizations that may not have the financial resources to invest in expensive
monitoring equipment. This increased accessibility empowers citizens to actively engage in monitoring
their local air quality and raises awareness about pollution issues. The widespread use of low-cost sensors
contributes to the generation of large datasets, which can support research and analysis of air quality trends
and patterns over time. These datasets can also be utilized to raise public awareness, advocate for policy
changes, and foster collaborations between researchers, policymakers, and the public.

While low-cost sensors have significant advantages, it is important to note that they may have
limitations regarding accuracy, calibration requirements, and potential interferences from environmental
and external factors. Integrating and calibrating PM sensors on UAVs can be challenging as it is subject to
vibration, motion, and environmental conditions such as temperature and humidity variations, which can
affect sensor performance. Hence, proper calibration, validation, and quality control measures are necessary
to ensure the reliability and validity of the collected data. Nonetheless, the benefits of low-cost sensors in
air quality monitoring make them a valuable tool in expanding our understanding of PM concentrations and
promoting actions towards cleaner and healthier environments.

Besides, weather conditions, such as strong winds, rain, or fog, can affect UAV flights and the
accuracy of PM measurements. Adverse weather conditions may limit UAV operations or introduce errors
in the measurements, especially when sensors are exposed to precipitation or high winds that can disperse
or alter the PM particles. It also has limited payload capacity, which restricts the type and number of sensors
that can be carried on board. This limitation may prevent the simultaneous measurement of multiple PM
fractions or the integration of advanced reference-grade instruments, resulting in a trade-off between sensor
capabilities and payload constraints. It is observed that the system requires a clear line of sight to receive
GPRS signals and maintain stable flight, which can be impacted by tall buildings, trees, and other obstacles.
Therefore, the SD card is compulsory. As the UAV takes 7 minutes to fly off and fly back to the ground,
the duration of data acquisition is also limited due to the limited battery life. Furthermore, operating UAVs
for air quality monitoring involves compliance with aviation regulations and safety guidelines. UAV flights
must adhere to airspace regulations, obtain necessary permissions, and ensure safety protocols are followed
to avoid accidents or conflicts with other airspace users. Moreover, the use of UAVs for air quality
monitoring can involve significant costs, including the acquisition, maintenance, and operation of the UAV
platform and associated equipment. Training and expertise in UAV operations and data analysis are also
necessary, adding to the operational complexity and resource requirements.

Nevertheless, the sensor measurements showed strong agreement with the measurements obtained
from the Air Quality Detectors at the corresponding locations. Furthermore, the integrated system utilizing
UAVs enabled fast, accurate, and consistent assessment of extensive areas at various altitudes above the
ground. The accurate measurements obtained are able to tell the PM concentrations, humidity and
temperature based on multiple heights by using the system developed.

CONCLUSION

In conclusion, this scientific paper presents the development of a vertical profiling air pollution monitoring
system using a combination of Unmanned Aerial Vehicles (UAVS), air quality sensors, and a real-time
monitoring system. Traditional ground-based monitoring stations have limitations in terms of cost, mobility,
geographical coverage, and capturing the full complexity of air pollution dynamics. The integration of these
technologies offers a novel approach to air quality monitoring, allowing for comprehensive and dynamic
assessments of pollutant concentrations at various altitudes in urban areas. Overall, the development of the
vertical profiling air pollution monitoring system using UAVs, air quality sensors, and real-time monitoring
represents a significant advancement in the field of air quality monitoring. It contributes to the continuous
improvement of monitoring technologies and lays the foundation for effective pollution control strategies
and sustainable urban development.
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