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SUMMARY

Breathing in polluted air can lead to several health problems, which is why it should be monitored carefully.
Air quality is typically measured using expensive, fixed measurement stations. It is thus hard to monitor the
air quality in a certain area both horizontally and vertically. Drones, a type of Urban Air Mobility, can help
with this by attaching air quality sensors to them. The overall goal of this research is to find out what ad-
ditional information Urban Air Mobility can provide to urban air quality monitoring. We first look into the
setup of the experiment and how an experiment can be effectively conducted. Hereafter, we look at the re-
sults from this experiment. Finally, possible environmental impacts of this application are considered.

We made use of a Sniffer4D Mini 2 air quality sensor box, capable of measuring CO, NO2, O3, SO2, PM2.5

and PM10. It has previously been used to measure urban air quality successfully and is adaptable to chang-
ing environmental conditions. This sensor box is placed on top of the DJI Mavic 3 Enterprise drone. The
setup can fly programmed paths making use of Litchi software. Validation experiments have shown that the
sensors respond within 5 seconds to a change in air quality. The temperature profile and wind estimation
obtained high correlations with a fixed monitoring station. The absolute values measured do differ with a
fixed measurement station due to several environmental factors and because we compare an average with a
single measurement.

Experiments have been conducted in a park in Aigaleo (Athens), located adjacent to a busy road. Firstly,
point measurements were carried out at five different locations in the park, varying in distance from the
busy road. These were purely vertical measurements between 0 and 120 m. Secondly, continuous measure-
ments were executed in which the drone flew along programmed locations and elevations. At each loca-
tion (separated by 50 m horizontal distance), all elevations between 35 and 120 m were examined. All mea-
surements were carried out on two days in February 2024 between roughly 10.00 and 17.00. The times were
chosen based on earlier research showing high variability in air quality; traffic related pollutants increased
during the morning and evening rush. In May 2024, a number of extra air quality measurements were taken
during a soundwalk experiment on drone noise.

Results showed a variation in air quality relative to time of of day, month of year, altitude and horizontal
distance from the busy road. From the continuous measurements, 3D interpolations were created, show-
ing similar results as the fixed measurements. It was found that the temperature had greatly influenced the
readings of the sensors. Due to the high number of variables, isolating the effect of the wind speed and its
direction proved challenging. We found that the NO2 and CO concentration are directly determined by the
presence of traffic. Although the SO2 concentration is affected by traffic, others sources also affect this pol-
lutant. The O3 concentration increases in the afternoon due to the reaction under sunlight. Moreover, there
is no specific location where the O3 concentration is highest because of its indirect formation. Higher con-
centrations of O3 where observed in May compared to February. The concentrations of PM2.5 and PM10 are
quite constant throughout the day, but do have a high variability with altitude. Areas with higher concen-
trations of particulate matter can be found, resulting from its multitude of sources. In May, the measured
PM2.5 and PM10 concentrations were lower than in February as a result of less biomass burning and chang-
ing meteorological conditions.

The environmental impact from energy usage of a use case in which the air quality of Aigaleo (6 km2) would
be monitored has been calculated as well. If one would monitor this area with similar parameters to the
continuous measurements, twice a day for one year, it would result in an energy usage of 12 260 kWh. Given
the energy production in Athens, this results in a total environmental impact of 8 543 kg CO2,e emission.

All in all, this research has shown how air quality can be measured with the use of a drone in vertical and
horizontal directions. The time of day, month of year, altitude and horizontal distance from a busy road in-
fluenced the pollutant concentrations at the measurement locations. 3D interpolations have been created
as well, showing directly where the areas with higher concentrations of air pollutants are located.

2



CONTENTS

Preface 1

Summary 2

List of Figures 4

List of Tables 8

Nomenclature 9

1 Introduction 10
1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.2 Research objective and questions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.3 Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2 Research article 12

3 Conclusions and recommendations 22
3.1 Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

4 Supplements 24
4.1 Data research air quality Athens . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

4.1.1 CO concentration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
4.1.2 NO2 concentration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
4.1.3 O3 concentration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
4.1.4 SO2 concentration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
4.1.5 PM2.5 concentration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
4.1.6 PM10 concentration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
4.1.7 Overview. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4.2 Validation measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
4.2.1 Absolute concentrations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
4.2.2 Response time sensors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.2.3 Temperature accuracy Sniffer4D Mini 2 . . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.2.4 Wind speed & direction accuracy Airdata . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.3 Measurements Athens . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
4.3.1 Point measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
4.3.2 Continuous measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
4.3.3 Comparison point and continuous measurements. . . . . . . . . . . . . . . . . . . . . 74
4.3.4 May versus February measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

4.4 Environmental impact . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

Bibliography 92

3



LIST OF FIGURES

2.1 Sniffer4D Mini 2 placed on top of the DJI Mavic 3 Enterprise during the measurements in
Aigaleo. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.2 Measurement site in Athens, Greece. The park and busy road have been annotated. . . . . . . 14
2.3 Overview of point measurements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.4 Overview of continuous measurements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.5 Wind rose on first day of measurements at 16.30. Measured at location A. . . . . . . . . . . . . . 15
2.6 Wind rose on second day of measurements at 17.00. Measured at location A. . . . . . . . . . . . 15
2.7 Average NO2 concentrations with 95% confidence interval during different times of day 1 and

2. Measurements from locations A, C and E. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.8 Average O3 concentrations with 95% confidence interval during different times of day 1 and

2. Measurements from locations A, C and E. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.9 Average SO2 concentrations with 95% confidence interval during different times of day 1 and

2. Measurements from locations A, C and E. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.10 Average PM2.5 concentrations with 95% confidence interval during different times of day 1

and 2. Measurements from locations A, C and E. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.11 Average PM10 concentrations with 95% confidence interval during different times of day 1

and 2. Measurements from locations A, C and E. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.12 CO concentration variation with altitude. Locations A, C and E during and outside of rush

hour. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.13 NO2 concentration variation with altitude. Locations A, C and E during and outside rush hour. 18
2.14 O3 concentration variation with altitude. Locations A, C and E during and outside of rush hour. 18
2.15 SO2 concentration variation with altitude. Locations A, C and E during and outside of rush

hour. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.16 PM2.5 concentration variation with altitude. Locations A, C and E during and outside of rush

hour. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.17 PM10 concentration variation with altitude. Locations A, C and E during and outside of rush

hour. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.18 Empirical Bayesian Kriging 3D interpolation of CO concentration [mg/m3]. Data used from

second day at 16.22. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.19 Empirical Bayesian Kriging 3D interpolation of NO2 concentration [μg/m3]. Data used from

second day at 16.22. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.20 Empirical Bayesian Kriging 3D interpolation of O3 concentration [μg/m3]. Data used from

second day at 16.22. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.21 Empirical Bayesian Kriging 3D interpolation of SO2 concentration [μg/m3]. Data used from

second day at 16.22. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.22 Empirical Bayesian Kriging 3D interpolation of PM2.5 concentration [μg/m3]. Data used from

second day at 16.22. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.23 Empirical Bayesian Kriging 3D interpolation of PM10 concentration [μg/m3]. Data used from

second day at 16.22. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

4.1 Locations of measurement stations in Athens, Greece [1]. . . . . . . . . . . . . . . . . . . . . . . 25
4.2 Locations of measurement stations in the Netherlands [1]. . . . . . . . . . . . . . . . . . . . . . . 26
4.3 Average CO concentration per hour of day. The 95% confidence interval has been annotated

in grey. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
4.4 Average CO concentration per day of week. The 95% confidence interval has been annotated

in grey. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
4.5 Average CO concentration per month of year. The 95% confidence interval has been anno-

tated in grey. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
4.6 Average NO2 concentration per hour of day. The 95% confidence interval has been annotated

in grey. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
4.7 Average NO2 concentration per day of week. The 95% confidence interval has been anno-

tated in grey. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

4



LIST OF FIGURES 5

4.8 Average NO2 concentration per month of year. The 95% confidence interval has been anno-
tated in grey. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

4.9 Average O3 concentration per hour of day. The 95% confidence interval has been annotated
in grey. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

4.10 Average O3 concentration per day of week. The 95% confidence interval has been annotated
in grey. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

4.11 Average O3 concentration per month of year. The 95% confidence interval has been anno-
tated in grey. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

4.12 Average SO2 concentration per hour of day. The 95% confidence interval has been annotated
in grey. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

4.13 Average SO2 concentration per day of week. The 95% confidence interval has been annotated
in grey. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

4.14 Average SO2 concentration per month of year. The 95% confidence interval has been anno-
tated in grey. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

4.15 Average PM2.5 concentration per hour of day. The 95% confidence interval has been anno-
tated in grey. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

4.16 Average PM2.5 concentration per day of week. The 95% confidence interval has been anno-
tated in grey. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

4.17 Average PM2.5 concentration per month of year. The 95% confidence interval has been anno-
tated in grey. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

4.18 Average PM10 concentration per hour of day. The 95% confidence interval has been anno-
tated in grey. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4.19 Average PM10 concentration per day of week. The 95% confidence interval has been anno-
tated in grey. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4.20 Average PM10 concentration per month of year. The 95% confidence interval has been anno-
tated in grey. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4.21 KNMI Cabauw measurement station. At the tower, meteorological conditions are measured
from 0 to 213 m altitude [2]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.22 NO2 concentration comparison. The 95% confidence interval has been included for the Snif-
fer4D Mini 2 data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

4.23 SO2 concentration comparison. The 95% confidence interval has been included for the Snif-
fer4D Mini 2 data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

4.24 O3 concentration comparison. The 95% confidence interval has been included for the Snif-
fer4D Mini 2 data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.25 PM2.5 concentration comparison. The 95% confidence interval has been included for the
Sniffer4D Mini 2 data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

4.26 PM10 concentration comparison. The 95% confidence interval has been included for the
Sniffer4D Mini 2 data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

4.27 NO2 concentration response to engine. Moments engine started & stopped have been indi-
cated. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4.28 NO concentration response to engine. Moments engine started & stopped have been indi-
cated. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.29 CO concentration response to engine. Moments engine started & stopped have been indi-
cated. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.30 SO2 concentration response to engine. Moments engine started & stopped have been indi-
cated. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.31 PM2.5 concentration response to engine. Moments engine started & stopped have been indi-
cated. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.32 Temperature profile comparison for vertical flight at 0.8 m/s. Both the upward as well as down-
ward part of the flight have been included. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.33 Wind speed comparison with a vertical flying speed of 0.8 m/s. Only the upward phase of the
flight has been included. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.34 Wind direction comparison with a vertical flying speed of 0.8 m/s. Only the upward phase of
the flight has been included. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4.35 Temperature variation with altitude of all measurements at location A. . . . . . . . . . . . . . . 45
4.36 Temperature variation with altitude of all measurements at location B. . . . . . . . . . . . . . . 45
4.37 Temperature variation with altitude of all measurements at location C. . . . . . . . . . . . . . . 46
4.38 Temperature variation with altitude of all measurements at location D. . . . . . . . . . . . . . . 46
4.39 Temperature variation with altitude of all measurements at location E. . . . . . . . . . . . . . . 47
4.40 CO concentration variation with altitude of all measurements at location A. . . . . . . . . . . . 47



LIST OF FIGURES 6

4.41 CO concentration variation with altitude of all measurements at location B. . . . . . . . . . . . 48
4.42 CO concentration variation with altitude of all measurements at location C. . . . . . . . . . . . 48
4.43 CO concentration variation with altitude of all measurements at location D. . . . . . . . . . . . 49
4.44 CO concentration variation with altitude of all measurements at location E. . . . . . . . . . . . 49
4.45 NO2 concentration variation with altitude of all measurements at location A. . . . . . . . . . . 50
4.46 NO2 concentration variation with altitude of all measurements at location B. . . . . . . . . . . 50
4.47 NO2 concentration variation with altitude of all measurements at location C. . . . . . . . . . . 51
4.48 NO2 concentration variation with altitude of all measurements at location D. . . . . . . . . . . 51
4.49 NO2 concentration variation with altitude of all measurements at location E. . . . . . . . . . . 52
4.50 O3 concentration variation with altitude of all measurements at location A. . . . . . . . . . . . 52
4.51 O3 concentration variation with altitude of all measurements at location B. . . . . . . . . . . . . 53
4.52 O3 concentration variation with altitude of all measurements at location C. . . . . . . . . . . . 53
4.53 O3 concentration variation with altitude of all measurements at location D. . . . . . . . . . . . 54
4.54 O3 concentration variation with altitude of all measurements at location E. . . . . . . . . . . . . 54
4.55 SO2 concentration variation with altitude of all measurements at location A. . . . . . . . . . . . 55
4.56 SO2 concentration variation with altitude of all measurements at location B. . . . . . . . . . . . 55
4.57 SO2 concentration variation with altitude of all measurements at location C. . . . . . . . . . . . 56
4.58 SO2 concentration variation with altitude of all measurements at location D. . . . . . . . . . . . 56
4.59 SO2 concentration variation with altitude of all measurements at location E. . . . . . . . . . . . 57
4.60 PM2.5 concentration variation with altitude of all measurements at location A. . . . . . . . . . . 57
4.61 PM2.5 concentration variation with altitude of all measurements at location B. . . . . . . . . . . 58
4.62 PM2.5 concentration variation with altitude of all measurements at location C. . . . . . . . . . . 58
4.63 PM2.5 concentration variation with altitude of all measurements at location D. . . . . . . . . . 59
4.64 PM2.5 concentration variation with altitude of all measurements at location E. . . . . . . . . . . 59
4.65 PM10 concentration variation with altitude of all measurements at location A. . . . . . . . . . . 60
4.66 PM10 concentration variation with altitude of all measurements at location B. . . . . . . . . . . 60
4.67 PM10 concentration variation with altitude of all measurements at location C. . . . . . . . . . . 61
4.68 PM10 concentration variation with altitude of all measurements at location D. . . . . . . . . . . 61
4.69 PM10 concentration variation with altitude of all measurements at location E. . . . . . . . . . . 62
4.70 Interpolation based on data from the continuous measurements. . . . . . . . . . . . . . . . . . 63
4.71 Data points grouped into vertical and diagonal flights. . . . . . . . . . . . . . . . . . . . . . . . . 64
4.72 Empirical Bayesian Kriging 3D interpolation of temperature [◦C]. Data used from second day

at 13.20. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
4.73 Empirical Bayesian Kriging 3D interpolation of temperature [◦C]. Data used from second day

at 16.22. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
4.74 Empirical Bayesian Kriging 3D interpolation of temperature [◦C]. Data used from second day

at 16.43. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
4.75 Empirical Bayesian Kriging 3D interpolation of CO concentration [mg/m3]. Data used from

second day at 16.22. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
4.76 Empirical Bayesian Kriging 3D interpolation of CO concentration [mg/m3]. Data used from

second day at 16.43. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
4.77 Empirical Bayesian Kriging 3D interpolation of NO2 concentration [μg/m3]. Data used from

second day at 13.20. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
4.78 Empirical Bayesian Kriging 3D interpolation of NO2 concentration [μg/m3]. Data used from

second day at 16.22. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
4.79 Empirical Bayesian Kriging 3D interpolation of NO2 concentration [μg/m3]. Data used from

second day at 16.43. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
4.80 Empirical Bayesian Kriging 3D interpolation of O3 concentration [μg/m3]. Data used from

second day at 13.20. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
4.81 Empirical Bayesian Kriging 3D interpolation of O3 concentration [μg/m3]. Data used from

second day at 16.22. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
4.82 Empirical Bayesian Kriging 3D interpolation of O3 concentration [μg/m3]. Data used from

second day at 16.43. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
4.83 Empirical Bayesian Kriging 3D interpolation of SO2 concentration [μg/m3]. Data used from

second day at 13.20. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
4.84 Empirical Bayesian Kriging 3D interpolation of SO2 concentration [μg/m3]. Data used from

second day at 16.22. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
4.85 Empirical Bayesian Kriging 3D interpolation of SO2 concentration [μg/m3]. Data used from

second day at 16.43. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71



LIST OF FIGURES 7

4.86 Empirical Bayesian Kriging 3D interpolation of PM2.5 concentration [mg/m3]. Data used
from second day at 13.20. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

4.87 Empirical Bayesian Kriging 3D interpolation of PM2.5 concentration [μg/m3]. Data used from
second day at 16.22. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

4.88 Empirical Bayesian Kriging 3D interpolation of PM2.5 concentration [μg/m3]. Data used from
second day at 16.43. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.89 Empirical Bayesian Kriging 3D interpolation of PM10 concentration [μg/m3]. Data used from
second day at 13.20. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.90 Empirical Bayesian Kriging 3D interpolation of PM10 concentration [μg/m3]. Data used from
second day at 16.22. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

4.91 Empirical Bayesian Kriging 3D interpolation of PM10 concentration [μg/m3]. Data used from
second day at 16.43. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

4.92 Locations of measurement comparisons point and continuous measurements. . . . . . . . . . 75
4.93 Comparison of temperature profile with altitude from point and continuous measurements

at location A. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
4.94 Comparison of temperature profile with altitude from point and continuous measurements

at location B. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
4.95 Comparison of temperature profile with altitude from point and continuous measurements

at location C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
4.96 Comparison of CO profile with altitude from point and continuous measurements at loca-

tion A. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
4.97 Comparison of CO profile with altitude from point and continuous measurements at loca-

tion B. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
4.98 Comparison of CO profile with altitude from point and continuous measurements at loca-

tion C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
4.99 Comparison of NO2 profile with altitude from point and continuous measurements at loca-

tion A. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
4.100 Comparison of NO2 profile with altitude from point and continuous measurements at loca-

tion B. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
4.101 Comparison of NO2 profile with altitude from point and continuous measurements at loca-

tion C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
4.102 Comparison of O3 profile with altitude from point and continuous measurements at location

A. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
4.103 Comparison of O3 profile with altitude from point and continuous measurements at location

B. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
4.104 Comparison of O3 profile with altitude from point and continuous measurements at location

C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
4.105 Comparison of SO2 profile with altitude from point and continuous measurements at loca-

tion A. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
4.106 Comparison of SO2 profile with altitude from point and continuous measurements at loca-

tion B. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
4.107 Comparison of SO2 profile with altitude from point and continuous measurements at loca-

tion C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
4.108 Comparison of PM2.5 profile with altitude from point and continuous measurements at loca-

tion A. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
4.109 Comparison of PM2.5 profile with altitude from point and continuous measurements at loca-

tion B. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
4.110 Comparison of PM2.5 profile with altitude from point and continuous measurements at loca-

tion C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
4.111 Comparison of PM10 profile with altitude from point and continuous measurements at loca-

tion A. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
4.112 Comparison of PM10 profile with altitude from point and continuous measurements at loca-

tion B. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
4.113 Comparison of PM10 profile with altitude from point and continuous measurements at loca-

tion C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
4.114 Optimised trajectory according to Zhao et al. [3]. . . . . . . . . . . . . . . . . . . . . . . . . . . . 90



LIST OF TABLES

2.1 Pearson correlation coefficients for wind speed and temperature (temp) at varying mea-
surement speeds. The differences between the average wind direction from Airdata and the
KNMI data have been included as well. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.2 Overview with emissions per kWh and total emissions of the use case scenario. . . . . . . . . . 21

4.1 European air quality levels for air pollutants [4]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
4.2 Response time of sensors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.3 Pearson correlation coefficients of temperature for different flying speeds. Results from both

the upward as well as downward part of the flights have been included. . . . . . . . . . . . . . . 41
4.4 Pearson correlation coefficients for wind speed at different flying speeds. Only results from

the upward part of the flights have been included. . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
4.5 Average and difference between wind direction from Airdata and KNMI measurement station

at different flying speeds. Only results from the upward part of the flights have been included. 42
4.6 Overview of all point measurements with their respective time, day and location. . . . . . . . . 44
4.7 Overview of all continuous measurements with their respective time, day and location. . . . . 62
4.8 Cross validation outcomes for different interpolations of NO2 data. Data used from second

day at 16.22. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.9 Comparison of average concentrations from February and May measurements. Range has

been indicated between brackets. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
4.10 Overview with emissions per kWh and total emissions of the use case scenario. . . . . . . . . . 91

8



NOMENCLATURE

Abbreviations

Symbol Description

BC Black carbon
CH4 Methane
CO Carbon monoxide
CO2 Carbon dioxide
CO2,e Carbon dioxide equivalent
H2S Hydrogen sulphide
NH3 Ammonia
NOx Nitrogen oxides (NO & NO2)
NO Nitrogen monoxide
NO2 Nitrogen dioxide
N2O Nitrous oxide
OH Hydroxide
O Oxide
O3 Ozone
PMx Particulate matter with aerodynamic size smaller than x μm
SO2 Sulphur dioxide
VOCs Volatile Organic Compounds

CI Confidence Interval
CRPS Continuous Ranked Probability Score
GIS Geographical Information System
LCA Life Cycle Assessment
LDSA Lung-deposited Surface Area
MTOW Maximum Take-off Weight
R Pearson Correlation Coefficient
UAM Urban Air Mobility
UAV Unmanned Aerial Vehicle

9



1
INTRODUCTION

1.1. MOTIVATION
Air pollution can cause harm to all living species and the environment worldwide. Presently, air pollution
causes approximately seven million people to die prematurely every year [5]. It is therefore important to
measure air quality and reduce urban air pollution if the air quality is insufficient.

Monks et al. [6] defined air quality as "a measure of the concentrations of gaseous pollutants and size or num-
ber of particulate matter". In short, it is the way to measure pollution in the air. By gaseous pollutants, one
refers to CO, NO2, O3 and SO2. Particulate matter is defined by size; PM2.5 and PM10 have aerodynamic sizes
of less than than 2.5 and 10 μm, respectively. The combination of gaseous pollutants and particulate matter
defines the air quality. They can originate directly from pollution sites or form because of chemical reactions
in the atmosphere [7]. NO2, O3 and PM2.5 have the greatest impact on air quality.

Measuring air pollution can be done in several ways [8]. Firstly, one can use ground-monitoring stations.
These stations have good temporal resolution, but are expensive and have limited spatial resolution as only
one fixed place can be measured. Secondly, satellites can be used to measure air pollution; however, these
often have bad temporal resolution. To gain a better understanding of air quality, Urban Air Mobility (UAM)
can be equipped. A drone can fly over urban areas while measuring air quality. Data with good temporal as
well as spatial resolution can be generated if the measurements are carried out in an efficient and accurate
manner.

Previous research on measuring urban air quality with drones has mainly focused on particulate matter. Typ-
ically, lower concentrations of air pollutants are measured when further away from a polluting source. Also,
higher concentrations were measured during rush hour in the morning and evening [9] and a higher wind
speed led to dispersion of air pollutants [10]. Several research [9, 11–14] focused on the vertical variation of
air quality in the first hundreds of meters altitude. Particulate matter concentrations were typically highest
near the ground, whereas gaseous pollutants concentrated at higher altitudes. Non-linear variations with
altitude of these gaseous pollutants were found as well. Aside from this, a number of environmental and me-
teorological conditions impact the pollutant concentrations [13, 14].

The consulted research also found that variations in temperature, humidity and wind affect the readings by
the sensors resulting in less accurate data. This can partially be counteracted by placing the sensors further
away from the downwash of the drone [10, 15]. Commercial air quality sensor boxes, which typically have
integrated solutions for these changes in temperature, humidity and wind, will also aid in obtaining more
accurate results [9, 13, 14].

Although most UAM concepts nowadays are driven by a fully electric power train, there might still be indirect
emissions [16]. For example, the generation of the electricity used will result in emissions. Moreover, one can
look at the whole life cycle of a drone (from production to recycling); a life cycle assessment (LCA) can analyse
the impact of this [17, 18]. Another factor to look at is noise. Due to the scope of this research, we will only be
looking at the environmental impact through electricity usage.

Overall, we want to find out how air quality measurements can be taken using drones and which setup is
most suitable for mobile and accurate measurements. Moreover, the goal is to find out what results can be
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obtained once measurements have been carried out. Finally we want to look at the environmental impact
this application has.

This research has been carried out as part of the ImAFUSA EU project, which focuses on evaluating factors
that influence citizens’ acceptance of UAM [19]. The monitoring of urban air quality with the use of drones is
a use case of UAM and therefore part of this project. Moreover, the environmental impact of UAM is evaluated
in the project and therefore touched upon here as well.

1.2. RESEARCH OBJECTIVE AND QUESTIONS
Drones can aid in gaining more information about air quality, as they can constantly monitor air quality in
both vertical as well as horizontal direction. However, several challenges are faced.

The sensors to measure air quality are affected by a number of environmental factors such as temperature
and wind. Therefore, placing these sensors on a drone, will result in additional challenges to be faced. A
setup should thus be selected carefully to accurately measure air pollution.

Aside from this, previous research has shown how that the air quality is influenced by a number of factors,
including the presence of sun light, temperature and wind. Mixed conclusions are obtained. More research
will thus be needed to find the effect of these environmental factors.

All in all, to test the viability of drones to measure urban air quality, an experiment should be designed care-
fully to test a new setup. The environmental impact should be touched upon as well, as this is often forgotten
in other research.

The main research question is formulated as follows: ’How can Urban Air Mobility provide meaningful infor-
mation about urban air pollution?’. To answer this question, several sub-questions have been formulated.
These are listed below. Per sub-question a short explanation is given.

1. Which configuration of drone and air quality sensor box can be used to accurately measure urban
air pollution?
Based on accuracy, feasibility and budget a configuration will be chosen which can be used to measure
urban air pollution in this step.

2. How can an experiment be effectively conducted to measure urban air pollution given a drone and
air quality sensor box configuration?
The design of the experiment will be discussed here to accurately measure urban air pollution. Given
limited flight time of the drone, measurements will be carried out at several locations and varying ele-
vations to obtain good spatial resolution in vertical and horizontal directions.

3. Which (additional) information can Urban Air Mobility provide about urban air pollution?
Answering this question will aid in how the results from measuring air quality with UAM can be used to
gain better understanding of urban air pollution in both vertical as well as horizontal direction. Several
environmental factors will impact the recordings, which should be accounted for. Finally, 3D interpo-
lations of the measurements are made to create a better understanding of the dispersion of pollutants.

4. What is the environmental impact when measuring air quality with Urban Air Mobility?
Answering this question will help to better understand how UAM can negatively impact society. Meth-
ods on how this environmental impact can be quantified will be looked into, for example through a LCA
and noise measurements.

1.3. OUTLINE
Next, chapter 2 about the research article follows, which gives an overview of the whole MSc thesis project.
The research article is further elaborated on in a separate chapter on conclusions and recommendations,
chapter 3. Finally, a number of supplements is listed in chapter 4 for further clarification on certain parts of
the research.



2
RESEARCH ARTICLE

Exploring Urban Air Mobility to
Comprehend Urban Air Quality

Abstract — This paper discusses urban air quality measurements carried out in a park in Aigaleo (Athens),
located adjacent to a busy road. The measurements were taken using the Sniffer4D Mini 2 sensor box with
a drone to investigate how Urban Air Mobility can aid in measuring urban air quality. CO, NO2, O3, SO2,
PM2.5 and PM10 concentrations were recorded through point measurements at varying locations, altitudes
and times. Several validation measurements were carried out, showing that temperature heavily influenced
the outcome of the recordings. Due to the high number of variables, no conclusion has been found on the
wind effect. During rush hour, NO2 and CO concentrations were highest close to the traffic; however, NO2

concentration showed non-linear behaviour with increase in altitude when further from the traffic or out of
rush hour. SO2 concentration always decreased with an increase in altitude; highest concentrations were
observed further from the busy road. Highest O3 concentrations were obtained in the afternoon at higher
altitudes, due to its reaction under sunlight. PM2.5 and PM10 concentrations had a high variability due to
environmental conditions. Additionally, continuous measurements were carried out, in which the drone
flew a path through several locations and altitudes. The results from these were interpolated to enable the
detection of areas with higher concentrations of air pollutants.

1. INTRODUCTION
Bad air quality can cause harm to all living species
world-wide resulting in seven million premature
deaths every year [5]. Air quality further deterio-
rates due to an increase in traffic, industry and other
polluting sources [20]. Furthermore, it is influenced
by environmental factors such as temperature and
wind which affect the dispersion of the air pollutants
[21]. Air pollution becomes trapped in urban envi-
ronments due to the high density of buildings. This
emphasises why air quality is now of great concern
in urban areas. This research contributes to better
understanding of urban air quality by testing an ex-
perimental setup using Urban Air Mobility (UAM),
more commonly known as drones. The measurable
condition of the air is most often determined by the
concentrations of CO, NOx (NO + NO2), O3, SO2,
PM2.5 and PM10 [22]. Of these, NO2, PM2.5 and O3

have the greatest impact on human health [20].

CO is produced by the incomplete combustion of fu-
els including wood, petrol, charcoal, natural gas and
kerosene [22]. CO can bind to haemoglobin in the

blood where oxygen would usually bind. It therefore
reduces the amount of oxygen the blood can carry,
which results in adverse health effects [23].

The gaseous pollutants NOx are formed by the com-
bustion of fossil fuels and typically originate from
transport, industry and coal-fired power stations [20].
A reaction can occur between NO and O out of which
NO2 is formed. Inhalation of NOx can result in a wide
range of respiratory and cardiovascular diseases [24].

O3 is formed by reactions between NOx and volatile
organic compounds (VOCs) [25]. This reaction hap-
pens under sunlight and therefore the highest O3

levels are obtained during summer. O3 stays in the
troposphere for approximately three weeks and is
removed by deposition or chemical reactions with
hydroxide (OH) or NOx. Breathing in O3 can lead to
lung diseases and asthma [24].

The toxic, gaseous pollutant SO2 mainly results from
the burning of solid and liquid fuels contaminated
with sulphur (e.g. kerosene) [26]. It slowly spreads
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through the atmosphere. For people with chronic
lung diseases, SO2 can cause intense breathing prob-
lems [24].

Particulate matter is grouped by diameter; PM2.5 and
PM10 are two of the most popularly researched. In-
haling particulate matter deeply into the lungs can
result in cardiopulmonary and lung diseases. PM2.5

can remain suspended in the air for weeks and be
transported over hundreds of kilometres; PM10 will
only last a few hours because of gravity and washout
[25]. Sulphates, nitrates, ammonia, chloride, black
carbon and mineral dust are examples of particulate
matter [22].

To guarantee a safe living environment, the con-
centrations of the discussed air pollutants should
be monitored. However, since air quality is often
measured at fixed, relatively expensive measurement
stations, limited information is available about the
air quality in an urban area [8]. Moreover, air quality
is typically measured near ground level, disregarding
the vertical profile of air quality. Efforts should be
made to obtain both vertical and higher-resolution
horizontal profiles of air pollution. Drones equipped
with air quality sensors have the advantage of quickly
measuring pollution levels at different locations and
altitudes [27]. External influences such as tempera-
ture and wind do, however, impact the outcome of
the measurements.

Consulted research in which urban air quality is mea-
sured using drones showed that higher air pollutant
concentrations are measured when moving closer
to a polluting source. High wind speeds assisted in
dispersion of air pollutants [10]. During rush hour,
higher traffic-related air pollutant concentrations
(here particulate matter and CO) were measured
[9]. Several research papers [9, 11–14] looked into
the vertical dispersion in the first several hundred
meters of air pollutants; as an example, Cichowicz
and Dobrzański [28] showed that different behaviour
can be found in concentrations for different gaseous
pollutants. Typically, particulate matter concentra-
tions were higher when close to the ground, whereas
gaseous air pollutant concentrations can increase
with altitude. It has been found that polluting sources
and meteorological conditions greatly impact the air
pollutant concentrations [13, 14].

For this research, we will be looking at the air quality
in Aigaleo (Athens), a typical urban environment with
known struggles with air quality. This is caused by a
number of variables. Air quality in Athens is wors-
ened due to relatively low wind speeds and tempera-
ture inversions. Air quality in Athens has been wors-
ened as a large quantity of biomass was burnt due to
the economic crisis (2009) and COVID-19 pandemic
(2020) [29, 30]. Mostly during the winter, increased
CO and particulate matter concentrations were ob-

served [31].

In Athens, the particulate matter concentration at
background sites is typically increased due to central
heating and biomass burning [32]. The traffic deter-
mined the particulate matter concentration (37% for
PM2.5 and 44% for PM10) when measuring close to a
road. Another source for an increase in particulate
matter concentration can be ships, as shown by Hau-
gen et al. [33]. All in all, Athens provides an adequate
testing environment for the experimental setup re-
searched in this article.

The overall goal of this research is to investigate how
Urban Air Mobility can provide meaningful informa-
tion on urban air pollution. We will discuss how air
quality measurements can effectively be conducted
using the chosen drone configuration and shown
what conclusions can be drawn from the obtained
results. Moreover, we will touch upon the environ-
mental impact from measuring urban air quality via
drones.

2. METHODS
This section discusses the methodology of the re-
search which consists of the experimental setup, a
description of the field campaign, validation mea-
surements carried out and environmental conditions
during the field campaign.

2.1. EXPERIMENTAL SETUP
The experimental setup consists of the Sniffer4D
Mini 2 sensor box, capable of measuring the previ-
ously discussed air pollutants; CO, NO, NO2, O3, SO2,
PM2.5 and PM10. These are measured by Alphasense
amperometric gas sensors for the gaseous pollutants
and a laser scattering dust sensors for the particulate
matter [12, 34], which obtained high correlations of
0.81-0.95 with a scientific grade monitoring station
[35]. During the measurements the NO sensor mal-
functioned and the concentration of CO was often
too low to be sensed by its sensor. The Sniffer4D Mini
2 also records several other parameters: tempera-
ture (◦C), relative humidity (%), latitude, longitude,
altitude (m), pressure (Pa) and UTC time. The pre-
decessor of the Sniffer4D Mini 2 has been used to
measure urban air quality successfully [13, 14]; pol-
luting sources were identified and the trends of air
pollutants with altitude were obtained.

The Sniffer4D Mini 2 tackles changes in temperature
through algorithms, which account for changes in
sensitivity and zero temperature dependency of the
Amperometric gas sensors [36]. These sensors were
calibrated at 20 ◦C. For accurate measurements, the
temperature should be stable as quick changes in
temperature result in unreliable measurements. Vari-
ations in wind speed and direction are tackled by the
integrated ventilator in the Sniffer4D Mini 2, which
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produces a constant inflow [35].

Figure 2.1: Sniffer4D Mini 2 placed on top of the DJI Mavic 3 En-
terprise during the measurements in Aigaleo.

The Sniffer4D Mini 2 is placed on top of the DJI Mavic
3 Enterprise drone as shown in figure 2.1. This com-
bination can fly up to 21 minutes on one battery; the
battery powers both the drone and the Sniffer4D Mini
2. The setup weighs 1.2 kg, and thus falls within the
C2 drone category [37]. Using Litchi software, it can
fly a programmed path to ensure repeatability of the
measurements [38].

2.2. DESCRIPTION OF FIELD CAMPAIGN

Measurements were carried out on two consecutive
days in a park in Aigaleo (Athens), Greece, located
adjacent to a busy road. The experimental site can be
seen in figure 2.2, where the busy road has been indi-
cated as well. The measurements were conducted
during different hours of the day (roughly 10.00-
17.00), in order to see the variability of air pollutants
with time of day.

Firstly, point measurements were conducted at five
selected locations indicated with A-B-C-D-E in fig-
ure 2.3. Measurements were conducted at each of
the indicated locations from 0 to 120 m altitude with
a vertical flying speed of 0.8 m/s; a maximum set to
ensure stable pressure [35].

Secondly, continuous measurements were recorded
through flying a programmed path, with movements
in horizontal as well as vertical directions, using
Litchi software [38]. The route can be seen in fig-
ure 2.4. The vertical flying speed was again 0.8 m/s
and increased to 3.0 m/s during the diagonal parts
(e.g. F-G) of the flight path. Because air quality varies
significantly faster vertically [13], we analyse all alti-
tudes at each location. Horizontally, air quality tends
to vary less and it can travel over several hundreds of
meters. It was therefore deemed appropriate to sep-
arate the measurement locations in horizontal direc-
tion by 50 m [39].

Figure 2.2: Measurement site in Athens, Greece. The park and
busy road have been annotated.

Figure 2.3: Overview of point measurements.

Figure 2.4: Overview of continuous measurements.

2.3. VALIDATION MEASUREMENTS
Firstly, the accuracy of the temperature and esti-
mated wind speed and direction are examined. An
experiment was designed and conducted to com-
pare measurements of our setup with measurements
from the KNMI Cabauw measurement station, a 213
m high tower measuring environmental conditions
at several altitudes [2]. We flew close to this measure-
ment station in an altitude range of 0-120 m at differ-
ent vertical flying speeds, up to the limit of 0.8 m/s
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(set because of atmospheric pressure [35]). Lastly, the
response time of the sensors and a comparison of the
concentrations measured with the Sniffer4D Mini 2
versus the KNMI measurement station are discussed.

Vertical
flying

speed [m/s]

R
temp [-]

R
wind

speed [-]

Difference
average

wind
direction [◦]

Hover at
every 20 m

altitude
0.95 0.86 11

0.2 0.90 0.61 7
0.4 0.88 0.62 1
0.8 0.98 0.80 3

Table 2.1: Pearson correlation coefficients for wind speed and
temperature (temp) at varying measurement speeds. The differ-
ences between the average wind direction from Airdata and the
KNMI data have been included as well.

The outcome of the validation exercises is sum-
marised in table 2.1. For the temperature and wind
speed, we make use of Pearson correlation coeffi-
cients (R), as we expect a linear relationship between
the measured values of our setup and the KNMI mea-
surement station. This linear relationship is not ex-
pected for the wind direction and, therefore, we look
at the difference in value measured. The temperature
profile obtained high Pearson correlation coefficients
of 0.88 and higher with the KNMI data. It is indepen-
dent of the examined flying speeds. The wind speed
and direction have been estimated with an algorithm
developed by Airdata in this research. This algorithm
compares the inputs to the motors of the drone with
the actual movement of the drone to estimate the
wind speed and direction [40]. The estimated wind
speed obtained Pearson correlation coefficients of at
least 0.6 with data from the KNMI measurement sta-
tion. It is independent of the flying speeds examined.
A maximum difference of 11 ◦ is found between the
measured wind directions by Airdata and the KNMI
data. This shows that the Airdata algorithm for the
wind can be used to obtain reliable estimates.

The response time of all sensors is less than 5 sec-
onds, which has been tested by placing the Sniffer4D
Mini 2 close to the exhaust of a car. After the engine
started, the CO, NOx and SO2 sensors immediately
exhibited a peak. The air pollutant values recorded
by the Sniffer4D Mini 2 have also been compared to
the KNMI measurement station. The values mea-
sured by the Sniffer4D Mini 2 are 2 to 4 times as high
as the concentrations measured at the KNMI mea-
surement station. This is due to the KNMI data being
an average, with slight variations depending on the
specific location measured at.

Several conclusions can be found through the vali-
dation. Firstly, the temperature needs to stabilise af-

ter the drone has taken off to obtain accurate results.
Secondly, the flight speed should be limited to 0.8
m/s in vertical direction to ensure the temperature
and atmospheric pressure do not change too rapidly.
Finally, all sensors respond well within 5 seconds and
it is thus not deemed necessary to stop at certain al-
titudes as this will limit flight range. The interested
reader can find more about the validation exercises
in section 4.2.

2.4. ENVIRONMENTAL CONDITIONS
On the first day of the February measurements in
Aigaleo, the wind came from northeast direction with
an average wind speed of 5 m/s. This can be seen in
figure 2.5.

Figure 2.5: Wind rose on first day of measurements at 16.30. Mea-
sured at location A.

Figure 2.6: Wind rose on second day of measurements at 17.00.
Measured at location A.

In the afternoon of the second day, the wind changed
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direction and now came from the south with an aver-
age wind speed of 2.5 m/s, as shown in figure 2.6.

On both days, the temperature (from the Sniffer4D
Mini 2) varied between 7 and 10 ◦C, which is a rela-
tive large difference with the calibration conditions of
the Sniffer4D Mini 2 (20 ◦C). On both days there were
some clouds, resulting in periods of sun and overcast.

2.5. DATA PROCESSING

The downward movement of the drone is included
in the results for the point measurements, as the
temperature was still stabilising during the upward
movement of the drone. Temperature shifts are typ-
ically found below 5 and above 119 m altitude; we
thus only look at the recordings in the 5-119 m alti-
tude range.

In section 3, results are discussed which have the
smallest temperature variability (less than 0.5 ◦C) to
make sure the results are minimally influenced by
temperature. All other results can be found in sub-
section 4.3.1. The remaining results are filtered with
a moving average filter of the five nearest neighbours
on both sides. They are plotted per five points to im-
prove readability of the graphs.

For the continuous measurements, air quality is mea-
sured over a path in both horizontal as well as verti-
cal direction. The results have been filtered by only
selecting taking measurements at the coordinates as
indicated in figure 2.4. These have been imported
into ArcGIS software and are interpolated in 3D. We
use the Empirical Bayesian Kriging 3D method since
good results were obtained in previous research on
air quality [41, 42]. In section 3, a measurement is
discussed with a temperature variability of 1.0 ◦C,
significantly lower than the other continuous mea-
surements. The latter ones can be found in subsec-
tion 4.3.2.

3. RESULTS & DISCUSSION
Firstly, we summarise the expectations of air qual-
ity trends from measurement stations in Athens and
compare these to our measurements. Next, the vari-
ation of air quality with time of day and conse-
quently with altitude are discussed. Both of these re-
sults have been obtained through the point measure-
ments. Hereafter, the 3D interpolations of air qual-
ity data are presented. We end with a section on the
environmental impact of monitoring air quality with
the use of drones.

3.1. COMPARISON WITH EXPECTATIONS

FROM ATHENS MONITORING STATIONS

Data analysis of air quality at several measurement
stations in Athens (see section 4.1) showed that air
quality varies significantly during the day. Peaks

in NO2 concentration are found during the morn-
ing rush and late afternoon as a result from traf-
fic. CO, PM2.5 and PM10 concentrations increase
in the morning and the evening, where the latter
peak partly originates from the burning of biomass.
The observed O3 concentration reaches its maximum
during the afternoon as it forms under sunlight. The
concentration of SO2 only shows a slight increase in
the morning and is unpredictable during the rest of
day. The comparison of these expectations to the re-
sults of this research can be found in subsection 3.2.

Furthermore, we compare the data found with the
measurement stations of the months February and
May. In May, a higher O3 concentration is ob-
served due to the increased sunlight. The CO, PM2.5

and PM10 concentrations are lower since there is
less heating, which is typically fuelled by burning
biomass. The NO2 and SO2 concentrations are simi-
lar in both months.

These findings are in line with a comparison made
between measurements carried out in May and the
earlier described measurements in February. Dur-
ing a soundwalk experiment on drone noise in the
same park in Aigaleo, several air quality measure-
ments were taken at altitudes ranging from 10 to 30
m. Significantly higher O3 concentrations were found
in May, due to the increase in sunlight. Significantly
lower concentrations of PM2.5 and PM10 were ob-
tained in May, similar to the findings from the lo-
cal measurement stations. NO2 and SO2 concentra-
tions were similar in both months, as expected from
the measurement stations. No conclusion could be
drawn for the CO concentration due to the limita-
tions of its sensor. More information on this compar-
ison can be found in subsection 4.3.4.

3.2. VARIATION OF AIR QUALITY WITH TIME

OF DAY FROM POINT MEASUREMENTS

We look at the obtained average air quality concen-
trations between 5 and 10 m altitude for the variation
of air quality with time of day. This range has been
chosen because of its proximity to ground level pollu-
tion sources, making it the most impacted area. 95%
confidence intervals have been included to illustrate
the variations in air quality in the chosen altitude
range. Moreover, we compare measurements from
location A, C and E, increasing in distance from the
road, to evaluate the effect of traffic on air quality.
Finally, we exclude the CO concentration here, as this
is too often equal to zero on average.

In figure 2.7 the average NO2 concentration between
5 and 10 m altitude at locations A, C and E can be
seen. On the first day, a significant decrease is found
during the early afternoon at all measurement sta-
tions as traffic decreased. This decrease is in line
with the expectation from the local measurement sta-
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tions; also here, higher concentrations of NO2 were
observed during rush hour. The found reduction is
largest for location A, located closest to the busy road.

Figure 2.7: Average NO2 concentrations with 95% confidence in-
terval during different times of day 1 and 2. Measurements from
locations A, C and E.

During rush hour on the first day, all observed NO2

concentrations are within 5 μg/m3 of each other.
When looking at the measured NO2 concentrations
on the second day, significantly lower concentrations
(about -15 μg/m3) are observed at location E com-
pared to location A. The wind speed was lower on the
second day, indicative of less dispersion of air pollu-
tants; one should however be careful with jumping to
conclusions, as other environmental factors changed
as well.

Figure 2.8: Average O3 concentrations with 95% confidence in-
terval during different times of day 1 and 2. Measurements from
locations A, C and E.

The average O3 concentrations can be seen in fig-
ure 2.8. On the first measurement on the first day, the
measured concentration at location E was zero due
to a problem with the sensor. On both days, highest
concentrations are observed early in the afternoon,
caused by the presence of more sunlight at this time
in comparison to the morning. This is in line with

expectations from the local measurement stations.
There is not one specific location where the highest
O3 concentration is observed as O3 is not a directly
emitted pollutant.

Figure 2.9: Average SO2 concentrations with 95% confidence in-
terval during different times of day 1 and 2. Measurements from
locations A, C and E.

On both days highest SO2 concentrations are found
in the late afternoon, as seen in figure 2.9. We find
the highest measured concentrations (9-10 μg/m3) at
location E, which indicates that traffic is not the main
contributor to SO2 emission. It is likely that the SO2

concentration results from a mix of external factors,
but the higher measurements during rush hour do
indicate some influence by traffic.

Figure 2.10: Average PM2.5 concentrations with 95% confidence
interval during different times of day 1 and 2. Measurements from
locations A, C and E.

No clear trend with time of day is found for the PM2.5

concentrations as can be seen in figure 2.10. The con-
fidence interval is large in comparison to other air
pollutants. The concentrations of PM10 are also sim-
ilar with time of day and can be seen in figure 2.11.
Although a slight increase of PM2.5 and PM10 concen-
trations during rush hour is expected from the Athens
monitoring stations, this is not observed in the re-
sults. On both days, the PM2.5 concentrations are



3. RESULTS & DISCUSSION 18

slightly higher than the PM10 concentrations. Around
15.00 on the first day, the PM2.5 concentration is 52
μg/m3 on average whereas this is 56 μg/m3 for the
PM10 concentration. On the second day, all concen-
trations are significantly lower. This is not in line with
the lower wind speed which is measured on the sec-
ond day, as this would result in less dispersion and
thus higher measured particulate matter concentra-
tions.

Figure 2.11: Average PM10 concentrations with 95% confidence
interval during different times of day 1 and 2. Measurements from
locations A, C and E.

3.3. VERTICAL VARIATION OF AIR QUALITY

WITH ALTITUDE FROM POINT MEASURE-
MENTS

For the variation of air quality with altitude, we look
at measurements which have a temperature variabil-
ity of less than 0.5 ◦C to minimise the influence of the
temperature on the results. A comparison is made
between results from location A, C and E, which are
increasingly further away from the main road, at rush
hour (17.00) and non rush hour (13.00-15.00).

Figure 2.12: CO concentration variation with altitude. Locations
A, C and E during and outside of rush hour.

The CO concentrations can be seen in figure 2.12.
The measured concentration is only non-zero during

rush hour measurements, caused by more exhaust
gases of traffic at this time. Higher CO concentrations
are measured when closer to the road (at location A)
since CO is a direct pollutant of traffic. The CO con-
centration also decreases with an increase in altitude
as it moves further away from the traffic.

In figure 2.13 it is shown how the NO2 concentration
during non rush hour increases with altitude up to
70 m after which it starts to decrease again. At rush
hour, an overall decrease with altitude can be found
at location A (traffic). This effect origins from the
higher number of traffic present at this hour and is
not as strong at locations C and E.

Figure 2.13: NO2 concentration variation with altitude. Locations
A, C and E during and outside rush hour.

Figure 2.14: O3 concentration variation with altitude. Locations A,
C and E during and outside of rush hour.

The O3 concentrations are stable up to an altitude of
60 m, after which they increase. They can be found in
figure 2.14. The trend is similar during and outside of
rush hour, although outside of rush hour the ozone
concentrations decreases a little with the first 60 m
of altitude. The increase after 60 m altitude could be
explained by more sunlight at these altitudes, which
could be blocked by obstacles (e.g. trees) at lower
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altitudes. The observed trend is similar at all loca-
tions, indicating that O3 is not a directly emitted air
pollutant. After 60 m altitude, the NO2 concentration
decreases whereas the O3 increases, indicative of the
non-linear relationship between these two air pollu-
tants.

The measured SO2 concentrations decrease with alti-
tude which is most noticeable in the lower range of 0
to 35 m altitude. Beyond 35 m altitude, the SO2 con-
centration stabilises. This is independent of location
and time of day. The SO2 originates from air pollu-
tion sources present close to the ground. We find that
the SO2 concentration changes slowly which is one
of its characteristics.

Figure 2.15: SO2 concentration variation with altitude. Locations
A, C and E during and outside of rush hour.

On average, PM2.5 and PM10 concentrations as
shown in figure 2.16 and figure 2.17 are relatively
stable with increasing altitude. For some measure-
ments, increases are found whereas other measure-
ments showed decreased concentrations. The par-
ticulate matter concentrations have a high variability
caused by the multitude of sources.

Figure 2.16: PM2.5 concentration variation with altitude. Loca-
tions A, C and E during and outside of rush hour.

Overall, the non-linear trends of NO2 and O3 are in
line with previous research [13]. We have seen that
the air quality can vary fast with altitude and is de-
pendent on a number of environmental factors such
as traffic, temperature and wind. SO2 and CO are typ-
ically highest close to the ground; these are mainly
formed close to the ground and do not move in up-
ward direction. The found particulate matter con-
centrations are slightly increasing or decreasing with
altitude; this is in line with research found carried out
during different meteorological conditions [14].

Figure 2.17: PM10 concentration variation with altitude. Loca-
tions A, C and E during and outside of rush hour.

3.4. 3D INTERPOLATED AIR QUALITY DATA

FROM CONTINUOUS MEASUREMENTS

Finally, Empirical Bayesian Kriging 3D interpolations
have been created from the continuous measure-
ments. The included measurement was taken on
the second day at 16.22 with a relative high aver-
age wind speed of 8.4 m/s in northwestern direction.
The altitude range of the measurements is 35-120
m. More information on the accuracy of the inter-
polation and a comparison between the continuous
and point measurements can be found in subsec-
tion 4.3.2.

Interpolated CO results can be seen in figure 2.18.
The highest CO concentrations are obtained at the
front of the park, close to the road. They are typically
found at lower altitudes, in line with the results from
subsection 3.3.

The interpolated results for the NO2 concentration
can be seen in figure 2.19. An increase of the NO2

concentration is found at the front side of the park.
The wind in northwestern direction might have had
an effect on this. In line with what was found in the
results from subsection 3.3, highest NO2 concentra-
tions are obtained at an altitude of 70 m.
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Figure 2.18: Empirical Bayesian Kriging 3D interpolation of CO
concentration [mg/m3]. Data used from second day at 16.22.

Figure 2.19: Empirical Bayesian Kriging 3D interpolation of NO2
concentration [μg/m3]. Data used from second day at 16.22.

Figure 2.20: Empirical Bayesian Kriging 3D interpolation of O3
concentration [μg/m3]. Data used from second day at 16.22.

As shown in figure 2.21, highest SO2 concentrations
are found at the rear side of the park, the furthest
away from the road. This indicates that traffic is not
the main source for SO2 emission. We find a stable
SO2 concentration with altitude after the first 35 m
altitude, which is similar to the results from subsec-
tion 3.3.

Figure 2.21: Empirical Bayesian Kriging 3D interpolation of SO2
concentration [μg/m3]. Data used from second day at 16.22.

Figure 2.22: Empirical Bayesian Kriging 3D interpolation of PM2.5
concentration [μg/m3]. Data used from second day at 16.22.

Figure 2.23: Empirical Bayesian Kriging 3D interpolation of PM10
concentration [μg/m3]. Data used from second day at 16.22.

The results for the O3 concentration can be seen in
figure 2.20. Similar to the results of subsection 3.3,
the highest O3 concentrations are found at an alti-
tude of 120 m and further away from the road, as O3

is not a primary pollutant of traffic. Due to its indirect
formation, we do not find an effect of the wind speed
and direction.
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No clear trend is found for the PM2.5 concentration,
similar as to what was found in the results of sub-
section 3.3. The interpolated results can be seen
in figure 2.22. Some areas of higher concentrations
of PM2.5 can be detected. PM10 behaves similar to
PM2.5, with some areas of higher concentrations and
no clear trend found. The interpolated PM10 con-
centration can be seen in figure 2.23. The measured
concentrations of PM10 are higher than the ones from
PM2.5.

All in all, it is challenging to distinguish an effect
of the wind speed and direction due to the num-
ber of variables in measurement conditions. More-
over, there will be fluctuations in the wind field due
to gusts; the wind speed and direction are neither
uniform in space because of the presence of build-
ings. For NO2, CO and SO2, highest concentrations
are observed at the side of the park where the wind
is coming from. This result is not found for another
continuous measurement at 16.43 on the same day
(see subsection 4.3.2), which could result from the
lower wind speed at that measurement; however, as
indicated earlier, the temperature variability was also
higher for this other measurement and it is thus hard
to find conclusions on the wind effect. The results
from the included continuous measurement are in
line with the outcomes of the point measurements.

3.5. ENVIRONMENTAL IMPACT
As mentioned earlier, we will look into the envi-
ronmental impact of this experimental setup as
well. Previous Life Cycle Assessment (LCA) studies
have shown that UAM can be more environmentally
friendly than its competitors [17], for e.g. delivery
purposes [43]. This is dependent on the energy us-
age and its source [18]. We calculate the air pollution
emitted to generate the required electricity for a use
case of air quality monitoring.

For the use case, it is assumed that air quality is mon-
itored in Aigaleo (Athens), which covers an area of
6 km2. Parameters have been taken from the previ-
ously discussed continuous measurements; a resolu-
tion of 50 m in horizontal direction, a vertical range
of 116 m and a flight speed of respectively 3 and 0.8
m/s in horizontal and vertical direction. The drone
flies according to an optimised trajectory as designed
by Zhao et al. [3]. It is assumed that the flights are
carried out twice a day for one year. The combined
energy consumption of the tested drone configura-
tion is 3.67 W per minute. The total flight time is circa
4 581 minutes which results in a total energy con-
sumption of 12 260 kWh.

Pei et al. [44] calculated the emission factors for en-
ergy production for all European countries. Since re-
sults are only available up to 2017, results might have
changed due to a changed distribution of electric-
ity sources in Greece. An overview with the emis-

sions per kWh and the total emission for our use case
can be seen in table 2.2. A total of 8 543 kg CO2,e

is emitted which should be considered before equip-
ping drones to measure air quality. More information
on the environmental impact can be found in sec-
tion 4.4.

Emission [g/kWh] Total emission [kg]
CO2 694.3 8512.6

CO2,e 696.8 8543.2
CH4 0.02 0.2
NOx 1.2 14.9
N2O 0.007 0.1
SO2 3.3 41.0

PM2.5 0.06 0.7

Table 2.2: Overview with emissions per kWh and total emissions
of the use case scenario.

4. CONCLUDING REMARKS
Air pollution can lead to adverse health conditions
and should therefore be monitored. Nowadays, this
is typically done with the use of fixed, expensive air
quality monitoring stations. In order to obtain better
spatial resolution in both horizontal as well as verti-
cal direction, drones can be used.

This research showed how drones can be employed
to monitor the air quality in a 3D area. Especially
in urban areas, air pollution stays trapped close to
the ground. Therefore, investigating the air quality
at several altitudes will aid in understanding how air
pollutants disperse. Moreover, sources of air pollu-
tion can be located, as for example is done in this
research with traffic. By moving away from this traf-
fic, both in horizontal as well as vertical direction, its
impact can be observed on the air quality across a
wider area. Utilising these results, adjustments can
be made to improve air quality locally. At several
altitudes and locations, areas with higher concen-
trations of air pollutants are found which should be
considered when designing urban areas.

The effect of environmental conditions, primarily
temperature and wind, could not be identified due
to too much changing variables. Therefore, it is rec-
ommended to conduct more repetitions of similar
research. Due to the influence of the temperature,
the actual sensor readings might change. Measuring
a specific area over a longer period would be ben-
eficial to better evaluate how these environmental
conditions influence air quality.

Overall, Urban Air Mobility can be used to monitor
air quality. Although there are still challenges ahead,
this research has proven how an experiment can be
designed and results can be obtained with a selected
setup. These results can be used to find conclusions
on urban air quality at different moments, locations
and altitudes.
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CONCLUSIONS AND RECOMMENDATIONS

The goal of this research has been to investigate how Urban Air Mobility, i.e. drones, can provide meaningful
information about urban air pollution. This research has been carried out as part of the ImAFUSA EU project.

Firstly, a drone and air quality sensor box were selected in order to measure urban air pollution. The chosen
sensor box is the Sniffer4D Mini 2, which has been used in previous research to accurately measure urban
air pollution. It is capable of measuring CO, NO2, O3, SO2, PM2.5 and PM10. External influences from tem-
perature and wind are tackled by respectively temperature algorithms and a ventilator resulting in a constant
inflow. The sensors are, however, still sensitive to changing environmental conditions and thus efforts should
be made to keep these as stable as possible.

Secondly, an experiment was set up. As a location, a park in Aigaleo (Athens) was selected, located adjacent
to a busy road. The measurement campaign consisted of two parts; firstly, point measurements were taken at
five individual locations for an altitude range of 0-120 m. Secondly, continuous measurements were carried
out in which the drone flew along a path of locations and altitudes itself. The vertical measurement speed was
always limited to 0.8 m/s to limit influences from too rapidly changing atmospheric pressure and tempera-
ture. Moreover, measured locations and times were chosen carefully to be able to evaluate the effect of traffic
on pollutant densities. As air quality disperses slower in vertical direction, continuous measurements were
measured at 50 m intervals horizontally and vertically at all altitudes between 35-120 m. All of the described
measurements were carried out in February. Additionally, some air quality measurements were taken during
a soundwalk experiment on drone noise in May.

As mentioned earlier, a changing temperature can greatly impact the sensor readings. It should thus be kept
as stable as possible. After the drone has taken off, it should hover for some time to let the temperature sta-
bilise. Validation exercises have been carried out for the response time of the sensors, the concentrations
measured, the temperature sensor and wind estimations. All sensors respond within 5 seconds to a change
in air quality and higher values are typically measured by the Sniffer4D Mini 2 in comparison to a local mea-
surement station, caused by the fact that we compare an average to a single measurement and a difference
in location. Temperature and wind estimation provide good correlations with a KNMI measurement station.
Due to changing environmental conditions, it is not possible to identify the effect of changes in temperature
and wind on the measured air pollutants. However, trends with increasing times of day, month of year, alti-
tude and distance from the traffic have been found.

Highest NO2 concentrations are observed close to the ground near the road at rush hour. When further away
from this road or outside of rush hour, a non-linear trend is found with increasing altitude; a maximum is
obtained at about 70 m altitude. The NO2 concentration is similar in February and May. O3 concentrations
increased in the afternoon due to the increase in sunlight present. For the same reason, higher O3 concen-
trations are observed in May compared to February. Typically, a non-linear trend with altitude is found with
a minimum at circa 60 m. Since O3 is an indirect pollutant, no specific location is found where highest con-
centrations are observed.

The highest SO2 concentrations were obtained near ground level. In the first 35 m altitude, the SO2 concen-
tration typically decreases; hereafter, it stays constant up to 120 m. Since rush hour has not had a direct effect
on this trend, it is likely that traffic is not the main source for SO2 pollution. Moreover, the highest values are
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observed at the furthest distance from the road. A slight increase is, however, found in the late afternoon,
indicative that traffic has some impact. Measured SO2 concentrations are similar in February and May. The
measured CO concentrations are often zero because of the sensor specifications. During rush hour, non-zero
readings are measured due to the presence of traffic. These are typically highest at the location closest to the
traffic and near the ground.

The PM2.5 concentrations are on average stable during the day. Although they vary greatly with altitude, a
stable trend is found with increasing altitude. No specific location is found where the PM2.5 concentration is
highest. For the PM10 concentration, the trends are similar to the PM2.5 concentration, although significantly
higher readings are obtained. Similar to the PM2.5 concentrations, the PM10 concentrations are on average
quite stable with time of day and altitude. In May, the observed PM2.5 and PM10 concentration were signifi-
cantly lower than in February, due to a decrease in biomass burning and meteorological conditions.

Although this use case of air quality monitoring has provided useful results, its environmental impact should
be discussed as well. As a use case, it has been calculated how much energy would be used if one would
monitor the air quality in Aigaleo (6 km2) for one year twice a day. Parameters have been taken from the con-
tinuous part of the measurements. This resulted in an energy usage of 12 260 kWh, which adds up to a total
of 8 543 kg CO2,e emitted.

Overall, we have thus been able to accurately measure the air quality with the chosen setup and see what
effect the presence of traffic has in both vertical as well as horizontal direction. We touched upon the envi-
ronmental impact of these measurements as well. This research will help to better understand how air quality
can be measured effectively using drones and what conclusions can be drawn from it.

3.1. RECOMMENDATIONS
Although the measurements were successful, some questions have not been answered yet. We are currently
not able to find conclusions on the effect of the wind speed and direction, as other environmental factors
were changing as well. Efforts should be made to isolate this effect as much as possible, although it will re-
main challenging.

The sensors are heavily temperature dependent and it was therefore decided to keep the temperature as sta-
ble as possible. This limits, however, the conclusions that can be found for the effect from temperature. Since
measurements were carried out at a relatively low temperature in comparison to the calibration temperature,
it is advised to carry out measurements closer to this calibration temperature. With this approach it can be
validated if the recordings of the sensors are in line with e.g. a fixed, accurate measurement station; in this
research, we focused mainly on the trends found. Finally, in terms of sensors, efforts should be made to fix
the NO sensor, as this gave bad recordings.

Furthermore, it would be useful to carry out measurements over a greater time range. Firstly, measuring early
in the morning (6.00-10.00) would be useful to be better able to identify the morning rush in the air quality
concentrations. Also measuring in the evening (18.00-24.00) could be useful as previous research has shown
that air quality tends to deteriorate during the evening. Secondly, previous research has shown that air qual-
ity can differ by the day of week. It would thus be nice to have a larger experiment campaign over several
weeks. Finally, air quality differs by month. Therefore, carrying out this experiment more times a year, would
be beneficial to expand our knowledge of air quality.

As a final part, the environmental impact was calculated for monitoring air quality using drones. This was
done by looking into the air pollution generated during the electricity production. As mentioned earlier,
analysis on noise or a LCA study have not been included. These analyses would be useful to better estimate
the environmental impact of monitoring air quality using drones. In the current environmental impact, data
is used from 2017 as this was the latest available data. Efforts should be made to redo the calculation once
newer data is available.



4
SUPPLEMENTS

This chapter provides several supplements to the research article for the interested reader. Firstly, data re-
search on the air quality in Athens is provided. Secondly, supporting material for the validation of the mea-
surements is discussed. Thirdly, all results obtained during the measurement campaigns in Aigaleo (Athens)
are shown; in the research paper, a selection of these results has been included. A validation of the 3D in-
terpolations is also part of this. Finally, the environmental impact is explained more extensively than in the
research article.

4.1. DATA RESEARCH AIR QUALITY ATHENS
There are several measurement stations located in Athens [45], which are grouped into the categories traffic,
industrial and background. The goal is to find which effect effect polluting sources, especially traffic, have
on air quality. Therefore, the concentrations found by a background measurement station will be compared
to the concentrations found at a traffic measurement station. Since concentrations can differ due to the
characteristics of a measurement station, we focus on the differences in trends found. Although traffic is a
significant polluting source, other sources such as central heating should not be forgotten [31].

When possible, results from the years 2021 and 2022 for the measurement stations have been taken. Some-
times results are missing at certain measurement stations (e.g. missing years or pollutants). It is mentioned if
results have been taken from different years. We ensure that the Covid period (2020) is avoided as this might
have detrimental effects on the comparison. A detailed map with the locations of each measurement station
can be found below in figure 4.1.

24
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Figure 4.1: Locations of measurement stations in Athens, Greece [1].

Most of the used measurement stations are relatively close to the centre of Athens. Measurement station 39A
is an exception which should be considered during the discussion of the results. Below, a list is provided with
the type of each measurement station:

• 3A: traffic

• 22A: background

• 28A: background (close to Aigaleo)

• 29A: industrial (at same road park in Aigaleo)

• 32A: traffic

• 39A: background (in a park)

To make a better analysis on which pollutants affect the air quality, an additional comparison is made with
measurement stations in the Netherlands [46]. The locations of these can be found in figure 4.2 and these are
also grouped into traffic, industry and background measurement stations. Therefore, we analyse them in the
same way as we do with the Athens measurement stations.
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Figure 4.2: Locations of measurement stations in the Netherlands [1].

The type of each measurement station in the Netherlands can be found in the following list:

• Wijk aan Zee: industry

• Kanaaldijk: industry

• Westerpark: background

• Vondelpark: background

• van Diemenstraat: traffic

The air quality can be assessed according to the European Air Quality Index, shown in table 4.1. It should be
noted that the CO concentration is not included in this index.

Good Fair Moderate Poor Very poor Extremely poor
NO2 concentration [μg/m3] 0-40 40-90 90-120 120-230 230-340 340-1000
O3 concentration [μg/m3] 0-50 50-100 100-130 130-240 240-380 380-800

SO2 concentration [μg/m3] 0-100 100-200 200-350 350-500 500-750 750-1250
PM2.5 concentration [μg/m3] 0-10 10-20 20-25 25-50 50-75 75-800
PM10 concentration [μg/m3] 0-20 20-40 40-50 50-100 100-150 150-1200

Table 4.1: European air quality levels for air pollutants [4].

4.1.1. CO CONCENTRATION
The measured CO concentration at a background and traffic measurement location for respectively hour of
day, day of week and month of year can be found in figure 4.3, figure 4.4 and figure 4.5. The 95% confidence
intervals have been included in grey.
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Figure 4.3: Average CO concentration per hour of day. The 95%
confidence interval has been annotated in grey.

Figure 4.4: Average CO concentration per day of week. The 95%
confidence interval has been annotated in grey.

Figure 4.5: Average CO concentration per month of year. The 95% confidence interval has been annotated in grey.

Firstly, it is important to note the big confidence interval for the traffic station in Athens. There seems to be a
lot of variance present in the results obtained at this station.

When we look at the CO concentration per hour of day, we find large differences between the results in Athens
and the Netherlands. In Athens, a morning and night peak are present. These peaks are not present in the
Netherlands, where the concentrations are fairly constant. This difference is caused by biomass burning and
more polluting traffic in Athens. Due to the economic crisis in Greece, people started to burn cheap fuels for
e.g. heating [29]. This has led to a steep increase in CO and particulate matter concentrations. This is in line
with the obtained results, as the highest concentrations are obtained at the background station. Therefore,
we conclude that traffic is not the only contributor to the CO concentration.

When looking at the day of the week, an increase in CO concentration is found for both stations in Athens
during the weekend. This is likely caused by more activities such as cooking and heating occurring on these
days. In the Netherlands, the CO concentration tends to be slightly higher during the weekdays. This could
have to do with an increase in traffic, as biomass burning happens less in the Netherlands.

In the Netherlands, the CO concentrations are a bit higher towards the end of the year. This is especially found
at the traffic station and could have to do with an increase in traffic. In Athens, way lower concentrations are
found during the summer. All in all, we find that biomass burning and other environmental conditions greatly
influence the CO concentration during the colder winter months.

4.1.2. NO2 CONCENTRATION
Average NO2 concentrations per hour of day, day of week and month of year can respectively be found in
figure 4.6, figure 4.7 and figure 4.8. The 95% confidence intervals have been included in grey.
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Figure 4.6: Average NO2 concentration per hour of day. The 95%
confidence interval has been annotated in grey.

Figure 4.7: Average NO2 concentration per day of week. The 95%
confidence interval has been annotated in grey.

Figure 4.8: Average NO2 concentration per month of year. The 95% confidence interval has been annotated in grey.

At all locations, increases in NO2 concentration can be found in the morning and evening. These peaks are
better visible in Athens than in the Netherlands. The NO2 concentration at the traffic station in Athens is the
highest, showing that traffic is the main contributor for NO2. Moreover, these peaks are found during rush
hour. Measured concentrations in the Netherlands are significantly lower than the ones in Athens.

At all locations, higher NO2 concentrations are obtained during the weekdays. This is in line with earlier
findings as less traffic is present during the weekend. The NO2 concentration varies with month at all mea-
surement stations. No trend can be found at the traffic station in Athens. Yet, for the other stations, a decrease
is found during summer in NO2 concentration.

Overall, the air quality in the Netherlands for NO2 concentration is good. Especially at the traffic station in
Athens, the air quality is moderate because of the relative high concentration of NO2 in the air.

4.1.3. O3 CONCENTRATION
The average O3 concentrations per hour of day, day of week and month of year can be found in respectively
figure 4.9, figure 4.10 and figure 4.11. The 95% confidence intervals have been included in grey.
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Figure 4.9: Average O3 concentration per hour of day. The 95%
confidence interval has been annotated in grey.

Figure 4.10: Average O3 concentration per day of week. The 95%
confidence interval has been annotated in grey.

Figure 4.11: Average O3 concentration per month of year. The 95% confidence interval has been annotated in grey.

At all stations, a peak in O3 concentration is obtained during the afternoon because of its formation under
sunlight. The highest O3 concentration is obtained at the background station in Athens. Similar to NO2, con-
centrations of O3 are lower in the Netherlands than in Athens.

For the days of the week, a small increase is found during the weekend days. This demonstrates the non-linear
effect on O3 concentration when NO2 concentration decreases. When looking at the variation of the O3 con-
centration with the months of the year, it can clearly be seen these are higher during the summer months.
This is in line with the previous conclusions. We find that the highest O3 concentrations are obtained in a
later month in Athens than in the Netherlands, which is explained by the fact that the highest number of sun-
shine hours occurs later in the year in Athens compared to the Netherlands.

Overall, the O3 concentrations in Athens and the Netherlands are respectively moderate and fair. We should
monitor these at both locations to ensure no dangerously high concentrations are present in the air.

4.1.4. SO2 CONCENTRATION
The SO2 concentrations per hour of day, day of week and month of year can be found found in figure 4.12,
figure 4.13 and figure 4.14. Less data was available for the SO2 concentration: the periods of the background
and traffic data respectively resemble 2014-March 2015 and 2015. The 95% confidence intervals have been
included in grey. The confidence interval is greater than for other measurements caused by the smaller num-
ber of data.
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Figure 4.12: Average SO2 concentration per hour of day. The 95%
confidence interval has been annotated in grey.

Figure 4.13: Average SO2 concentration per day of week. The 95%
confidence interval has been annotated in grey.

Figure 4.14: Average SO2 concentration per month of year. The 95% confidence interval has been annotated in grey.

The highest SO2 concentrations are obtained at the background station in Athens. This is spectacular, as
measurements in the Netherlands were taken at very polluting industry location. In Athens, no trend can be
found with the hour of day. In the Netherlands, SO2 concentrations are significantly higher at the industry
measurement stations than the background measurement station. Therefore, it can be concluded that in-
dustry greatly influences SO2 concentration. For the measurement stations in Athens, an increase is found
during the morning. It is expected that traffic has some influence on the SO2 concentration.

At all locations except for Wijk aan Zee, the SO2 concentration is almost constant with day of week. It is there-
fore hard to find conclusions here and this might again have to do with the low number of data which was
available. Similarly, no conclusion can be found for the SO2 concentration trend with month of year. Overall,
we find that industry greatly impacts SO2 concentration.

All in all, the SO2 concentrations are at a good level for both Athens as well as for the Netherlands. The lack of
data should be mentioned here as this might have had influence on the evaluation of the results.

4.1.5. PM2.5 CONCENTRATION
The results per hour of day, day of week and month of year for a traffic and background measurement station
of the PM2.5 concentration can respectively be found in figure 4.15, figure 4.16 and figure 4.17. It should be
noted that the background station is more remotely located than previously used background stations due
to a lack of data. This will play a role as not only less traffic, but also less other polluting sources are present.
The 95% confidence intervals have been included in grey.
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Figure 4.15: Average PM2.5 concentration per hour of day. The
95% confidence interval has been annotated in grey.

Figure 4.16: Average PM2.5 concentration per day of week. The
95% confidence interval has been annotated in grey.

Figure 4.17: Average PM2.5 concentration per month of year. The 95% confidence interval has been annotated in grey.

At the traffic measurement station in Athens, a clear increase in PM2.5 concentration is found during the
morning and evening. This is in line with the results obtained for the CO concentration. The PM2.5 concen-
tration at all other locations are significantly lower. At these stations, no similar trend is visible. All in all, it
can be concluded that the PM2.5 concentration is greatly determined by the presence of biomass burning and
in lesser extent by the presence of traffic.

Looking into the data per day of week, it can be found that the PM2.5 concentration is lower during the week-
days in Athens at the traffic station. At the other stations, no significant changes are found. This is in line with
the results from the CO concentrations. The PM2.5 concentration in Athens at the traffic station decreases
during the summer months, as there will be less biomass burning in this period combined with a change in
environmental conditions. A spectacular increase is found at both measurement stations in the Netherlands
in March. It is unknown what the cause is of this event.

Overall, the air quality in Athens and the Netherlands can respectively be qualified as moderate and fair when
only looking into the PM2.5 concentration.

4.1.6. PM10 CONCENTRATION
The PM10 concentrations per hour of day, day of week and month of year can be found in respectively fig-
ure 4.18, figure 4.19 and figure 4.20. The 95% confidence intervals have been included in grey.
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Figure 4.18: Average PM10 concentration per hour of day. The 95%
confidence interval has been annotated in grey.

Figure 4.19: Average PM10 concentration per day of week. The
95% confidence interval has been annotated in grey.

Figure 4.20: Average PM10 concentration per month of year. The 95% confidence interval has been annotated in grey.

The obtained PM10 concentration trends in Athens are quite similar to the results from the PM2.5 concentra-
tion. Yet, the absolute concentrations are significantly higher. Here, the background station shows the same
trend as the traffic station since this background station is located closer to urban activity. We observe that
higher concentrations are recorded at the traffic station during the morning peak, whereas this is the case at
the background station during the night. This has to do with traffic and biomass burning accounting for an
increase in PM10 concentration. Moreover, the PM10 concentration tends to decrease faster than the PM2.5

concentration, which has to do with the higher mass of the individual particles. At the measurement stations
in the Netherlands, PM10 concentrations are quite constant.

The obtained PM10 concentrations are higher during the weekend in Athens, most likely due to the presence
of urban activities such as cooking and heating during the weekend. In the Netherlands, PM10 concentrations
are mainly determined by traffic, and therefore slightly decrease during the weekend days.

A decrease in PM10 concentration is found during the summer months for the measurement stations in
Athens. This has to do with less heating during the summer months and therefore less biomass burning. For
the measurement stations in the Netherlands, results are quite constant, apart from a peak found in March.
This peak was also found for the PM2.5 concentration. The exact cause remains unknown.

Overall, the PM10 concentration results in a moderate air quality level in Athens and a fair one in the Nether-
lands.

4.1.7. OVERVIEW
It can be concluded that the NO2 concentration in Athens is mainly determined by traffic. This has an indi-
rect effect on O3, since NO2 is a precursor of O3. Yet, the amount of sunlight has the greatest effect on the
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O3 formation. The SO2 concentration is mainly determined by industrial activities, although other factors
such as traffic also have some effect on it. CO, PM2.5 and PM10 concentrations are all greatly influenced by
biomass burning and other urban sources. Traffic determines these concentrations in a lesser extent. Aside
from these, other environmental factors should not be forgotten.

It should be noted that the conclusions above are found in Athens only. In the Netherlands for example,
biomass burning happens less than in Athens and therefore PM2.5 and PM10 are relatively more determined
by traffic than biomass burning.
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4.2. VALIDATION MEASUREMENTS
In March 2024, a number of validation measurements were carried out. The response time of the air quality
sensors, the measured values from both the air quality sensors and the temperature sensor of the Sniffer4D
Mini 2, and the wind algorithm developed by Airdata were investigated. We flew at different vertical speeds
to find out if this had any effect on the accuracy of the measurements.

The following measurements were carried out between 12.00 and 14.00:

• 0.2 m/s vertical speed with stop every 20 m

• 0.2 m/s vertical speed without stop

• 0.8 m/s vertical speed without stop

• 0.4 m/s vertical speed without stop

Due to limited battery capacity, the last part of the measurements was sometimes flown at a slightly higher
speed. The upward movement is therefore most reliable. Furthermore, the temperature was stabilised after
the drone had taken off to account for external influences.

Firstly, we compare the concentrations found by the KMNI Cabauw measurement station with the measured
concentrations of the Sniffer4D Mini 2. This KNMI Cabauw measurement station is a 213 m high tower which
measures meteorological conditions (e.g. temperature and wind) at several altitudes. It can be seen in fig-
ure 4.21. Secondly, we investigate the response time of the sensors measured by starting a car engine. Here-
after, we look at the temperature profile of the Sniffer4D Mini 2 and its correlation with the KNMI Cabauw
measurement station. We end with the wind speed and direction through comparison of the Airdata estima-
tion and KNMI Cabauw measurement station data.

Figure 4.21: KNMI Cabauw measurement station. At the tower, meteorological conditions are measured from 0 to 213 m altitude [2].

4.2.1. ABSOLUTE CONCENTRATIONS
A comparison has been made between the air quality concentrations measured by the Sniffer4D Mini 2 and
the KNMI Cabauw measurement station. For the Sniffer4D Mini 2, measurement data between 5 and 10 m
altitude has been used. The KNMI measurement data is the average of 10 minutes of data and has been ob-
tained at an altitude of 3 m. The comparison of NO2, SO2, O3, PM2.5 and PM10 concentrations can be found
in respectively figure 4.22, figure 4.23, figure 4.24, figure 4.25 and figure 4.26. A 95% confidence interval has
been included for the Sniffer4D Mini 2 data sets to show their variability. The CO concentration has been
excluded here because of its zero readings.

We observe that the measured NO2 and SO2 concentrations, which traffic can be the source of, are about 4
times as high for the Sniffer4D Mini 2 in comparison to the KNMI measurement station. The Sniffer4D Mini
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2 measured closer to a road with traffic than the KNMI measurement station; this could explain explain why
higher concentrations were measured with the Sniffer4D Mini 2.

Figure 4.22: NO2 concentration comparison. The 95% confidence interval has been included for the Sniffer4D Mini 2 data.

Figure 4.23: SO2 concentration comparison. The 95% confidence interval has been included for the Sniffer4D Mini 2 data.

The other air quality concentrations, O3, PM2.5 and PM10, are somewhat higher for the Sniffer4D Mini 2 than
the KNMI measurement station; a factor of 1.5 to 2 is typically found. Overall, we thus find that the Sniffer4D
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Mini 2 measures higher concentrations than the KNMI measurement station. An explanation could be that
the KNMI measurement station is an average over 10 minutes, whereas the Sniffer4D Mini 2 is the average
of less than 1 minute. Another conclusion found here is that the measured concentrations vary greatly with
the exact location measured at. The Sniffer4D Mini 2 is calibrated at 20 ◦C, significantly higher than the
temperature on the day of the validation measurements. Although it makes use of temperature algorithms,
there will still be an impact on the recordings. Most likely, a combination of these environmental factors can
be seen as an explanation why the measured concentrations differ.

Figure 4.24: O3 concentration comparison. The 95% confidence interval has been included for the Sniffer4D Mini 2 data.
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Figure 4.25: PM2.5 concentration comparison. The 95% confidence interval has been included for the Sniffer4D Mini 2 data.

Figure 4.26: PM10 concentration comparison. The 95% confidence interval has been included for the Sniffer4D Mini 2 data.

4.2.2. RESPONSE TIME SENSORS
The response time of the different sensors in the Sniffer4D Mini 2 can be found in table 4.2. The PM2.5 and
PM10 concentrations are measured using the same sensor. Moreover, the O3 concentration is found by sub-
tracting the concentration of the NO2 sensor from the NO2 + O3 sensor. The response times are listed for a
relative high change in concentration; the measured changes in concentration during the measurements are
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much smaller than the listed values. Therefore, the response time of the sensors to a diesel car starting has
been measured. The Sniffer4D Mini 2 was placed about 30 cm from its exhaust.

Sensor Response time [s]
NO2 <60s to 2ppm
NO <60s to 10ppm

NO2 + O3 <45s to 1ppm
SO2 <40s to 2ppm
CO <20s to 10ppm

Particulate matter <10s

Table 4.2: Response time of sensors.

In figure 4.27, the response of the NO2 sensor to a diesel car starting can be seen. Although the NO2 concen-
tration increases, we cannot conclude whether this comes from the emission of the car or a shift in tempera-
ture (which was still stabilising at the time).

Figure 4.27: NO2 concentration response to engine. Moments engine started & stopped have been indicated.

The NO sensor was contaminated, resulting in very high measured concentrations. As can be seen in fig-
ure 4.28, it is still stabilising. However, an immediate response can be seen when the car starts.
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Figure 4.28: NO concentration response to engine. Moments engine started & stopped have been indicated.

Although the measured CO concentration is often zero, due to the threshold of the sensor, a peak can be
found immediately after the car has been turned on as seen in figure 4.29. It returns to zero once the engine
of the car is stopped.

Figure 4.29: CO concentration response to engine. Moments engine started & stopped have been indicated.

The response of the SO2 sensor to a starting engine can be seen in figure 4.30. The measured SO2 strongly
increases immediately after the engine of the car has been started. Once the engine has been turned off, the
measured SO2 strongly decreases again.
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Figure 4.30: SO2 concentration response to engine. Moments engine started & stopped have been indicated.

No clear increase of the PM2.5 concentration as a result of the starting engine can be found in figure 4.31. It
is assumed that the diesel car does not emit enough PM2.5 to show an increase in the readings of the sensor.
Therefore, we have decided to not include the reaction of the PM10 sensor here, as this is similar to the PM2.5

sensor.

Figure 4.31: PM2.5 concentration response to engine. Moments engine started & stopped have been indicated.

We have seen that most sensors response quickly (less than 5 seconds) to changes in the air composition
caused by a starting diesel car. The other sensors do not show an increase because the pollutants they detect
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are not present in the exhaust gases. All in all, stopping at certain altitudes is not necessary as the sensors
are capable of measuring the changes in concentration when flying up- or downwards at a reasonable speed
(less than 0.8 m/s).

4.2.3. TEMPERATURE ACCURACY SNIFFER4D MINI 2
Comparisons have been made of the temperature profile measured with the Sniffer4D Mini 2 and the KNMI
measurement station. Different flying speeds have been evaluated in order to find out if this has an effect on
the accuracy.

An overview with the Pearson correlation coefficients (R) obtained during both upward as well as downward
flight can be found in table 4.3. The comparison of the temperature profile for a vertical flying speed of 0.8
m/s can be found in figure 4.32.

Flying speed [m/s] R temperature upwards [-] R temperature downwards [-]
Hover at every 20 m altitude 0.95 0.96

0.2 0.90 0.77
0.4 0.88 0.91
0.8 0.98 0.63

Table 4.3: Pearson correlation coefficients of temperature for different flying speeds. Results from both the upward as well as downward
part of the flights have been included.

High Pearson correlation coefficients are obtained during the upwards flight phase for all flight speed. During
the downward flight phase, some of the found Pearson correlation coefficients are lower. This is caused by an
increase in flying speed towards the end of the flight as the battery was almost dead.

Overall, the flying speed does not have a impact on the correlation coefficient as long as it is kept below 0.8
m/s.

Figure 4.32: Temperature profile comparison for vertical flight at 0.8 m/s. Both the upward as well as downward part of the flight have
been included.

4.2.4. WIND SPEED & DIRECTION ACCURACY AIRDATA
The estimated wind speed by the Airdata algorithm has been compared to the KNMI measurement data for
the same flight speeds as earlier discussed. We look at the upward phase of the flight, since the battery was
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sometimes empty at the end of the flight resulting in higher flight speeds. Again, the Pearson correlation
coefficients can be found in table 4.4. Moreover, a comparison of the wind speeds from Airdata and the
KNMI data has been visualised and is shown in figure 4.33 for a flying speed of 0.8 m/s. For better readability,
a moving average filter with a window size of 5 has been used for the results of Airdata.

Flying speed [m/s] R wind speed [-]
Hover at every 20 m altitude 0.86

0.2 0.61
0.4 0.62
0.8 0.80

Table 4.4: Pearson correlation coefficients for wind speed at different flying speeds. Only results from the upward part of the flights
have been included.

No relation is found between the flying speed and the accuracy of the wind speed estimation. All flight speeds
obtain good Pearson correlation coefficients, which are enough to resemble the effect of the wind speed. The
Airdata wind speeds are typically higher than the ones from the KNMI data. Yet, the KNMI data is an average
taken over 10 minutes, which explains this overestimation. The wind speeds from Airdata have a relative high
variability compared to the KNMI data. Moreover, higher wind speeds are measured at higher altitudes.

Figure 4.33: Wind speed comparison with a vertical flying speed of 0.8 m/s. Only the upward phase of the flight has been included.

The estimated wind direction has been compared as well, as can be found in table 4.5. Again, the accuracy of
the results from Airdata is not dependent on the flying speed. Overall, Airdata is well capable of estimating
the wind direction.

Flying speed [m/s]
Average wind direction

Airdata [◦]
Average wind direction

KNMI [◦]
Difference [◦]

Hover at every 20 m altitude 141 152 11
0.2 146 139 7
0.4 155 156 1
0.8 146 149 3

Table 4.5: Average and difference between wind direction from Airdata and KNMI measurement station at different flying speeds. Only
results from the upward part of the flights have been included.
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A comparison of the wind direction from Airdata and the KNMI data has been visualised and is shown in
figure 4.34 for a flying speed of 0.8 m/s. A moving average filter with a window size of five has been used for
the results of Airdata. Both results show the same trend with increasing altitude.

Figure 4.34: Wind direction comparison with a vertical flying speed of 0.8 m/s. Only the upward phase of the flight has been included.
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4.3. MEASUREMENTS ATHENS
This section discusses all the point and continuous measurements carried out during the measurement cam-
paign in Aigaleo (Athens) in February 2024. During another measurement campaign on drone noise in May
2024, some extra measurements were obtained. These will be shortly touched upon as well.

4.3.1. POINT MEASUREMENTS
An overview of all point measurements can be found in table 4.6. All flights were carried out at a speed of 0.8
m/s, except for B∗ and B∗∗; these were respectively carried out at respectively a vertical speed of 0.4 m/s and
while hovering for 30 seconds at every 10 m altitude.

Day Time Location
19/02/2024 10:52 A
19/02/2024 14:29 A
19/02/2024 16:32 A
20/02/2024 13:01 A
20/02/2024 14:46 A
20/02/2024 17:05 A

19/02/2024 11:05 B
19/02/2024 14:46 B
19/02/2024 16:48 B
20/02/2024 10:27 B∗
20/02/2024 10:59 B∗∗
20/02/2024 12:52 B
20/02/2024 16:02 B

19/02/2024 11:13 C
19/02/2024 15:06 C
19/02/2024 17:00 C
20/02/2024 12:31 C
20/02/2024 15:47 C

19/02/2024 11:34 D
19/02/2024 15:26 D
19/02/2024 17:12 D
20/02/2024 12:16 D
20/02/2024 15:30 D

19/02/2024 11:46 E
19/02/2024 15:38 E
19/02/2024 17:21 E
20/02/2024 11:59 E
20/02/2024 15:08 E

Table 4.6: Overview of all point measurements with their respective time, day and location.

The downward movement of the drone is included in the results for the point measurements, as the temper-
ature was still stabilising during the upward movement of the drone. Only the results between 5 and 119 m
altitude are included since the temperature is more stable here. The results for the gaseous pollutants and
particulate matter are filtered with a moving average filter of the five nearest neighbours on both sides. These
are plotted per five points to improve readability of the graphs. Below, the results will only be shown and not
further discussed, as often the temperature is not stable enough to find conclusions. In the research article,
however, results with a stable enough temperature profile have been included to make sure we could find
conclusions.

TEMPERATURE

The temperature variations with altitude of all measurements at locations A, B, C, D and E, can respectively
be seen in figure 4.35, figure 4.36, figure 4.37, figure 4.38 and figure 4.39. Since the temperature affects the
sensor readings, the temperature should be kept as constant as possible. Therefore, in the research article,
only measurements have been included which have a temperature variation of less than 0.5 ◦C.
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Figure 4.35: Temperature variation with altitude of all measurements at location A.

Figure 4.36: Temperature variation with altitude of all measurements at location B.
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Figure 4.37: Temperature variation with altitude of all measurements at location C.

Figure 4.38: Temperature variation with altitude of all measurements at location D.
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Figure 4.39: Temperature variation with altitude of all measurements at location E.

CO CONCENTRATION

The CO concentration variations with altitude of all measurements at locations A, B, C, D and E, can respec-
tively be seen in figure 4.40, figure 4.41, figure 4.42, figure 4.43 and figure 4.44. Since the measured value is
often zero, it is harder to find conclusions for this air pollutant.

Figure 4.40: CO concentration variation with altitude of all measurements at location A.
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Figure 4.41: CO concentration variation with altitude of all measurements at location B.

Figure 4.42: CO concentration variation with altitude of all measurements at location C.
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Figure 4.43: CO concentration variation with altitude of all measurements at location D.

Figure 4.44: CO concentration variation with altitude of all measurements at location E.

NO2 CONCENTRATION

The NO2 concentration variations with altitude of all measurements at locations A, B, C, D and E, can respec-
tively be seen in figure 4.45, figure 4.46, figure 4.47, figure 4.48 and figure 4.49.
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Figure 4.45: NO2 concentration variation with altitude of all measurements at location A.

Figure 4.46: NO2 concentration variation with altitude of all measurements at location B.
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Figure 4.47: NO2 concentration variation with altitude of all measurements at location C.

Figure 4.48: NO2 concentration variation with altitude of all measurements at location D.
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Figure 4.49: NO2 concentration variation with altitude of all measurements at location E.

O3 CONCENTRATION

The O3 concentration variations with altitude of all measurements at locations A, B, C, D and E, can respec-
tively be seen in figure 4.50, figure 4.51, figure 4.52, figure 4.53 and figure 4.54.

Figure 4.50: O3 concentration variation with altitude of all measurements at location A.
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Figure 4.51: O3 concentration variation with altitude of all measurements at location B.

Figure 4.52: O3 concentration variation with altitude of all measurements at location C.
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Figure 4.53: O3 concentration variation with altitude of all measurements at location D.

Figure 4.54: O3 concentration variation with altitude of all measurements at location E.

SO2 CONCENTRATION

The SO2 concentration variations with altitude of all measurements at locations A, B, C, D and E, can respec-
tively be seen in figure 4.55, figure 4.56, figure 4.57, figure 4.58 and figure 4.59.
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Figure 4.55: SO2 concentration variation with altitude of all measurements at location A.

Figure 4.56: SO2 concentration variation with altitude of all measurements at location B.
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Figure 4.57: SO2 concentration variation with altitude of all measurements at location C.

Figure 4.58: SO2 concentration variation with altitude of all measurements at location D.
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Figure 4.59: SO2 concentration variation with altitude of all measurements at location E.

PM2.5 CONCENTRATION

The PM2.5 concentration variations with altitude of all measurements at locations A, B, C, D and E, can re-
spectively be seen in figure 4.60, figure 4.61, figure 4.62, figure 4.63 and figure 4.64.

Figure 4.60: PM2.5 concentration variation with altitude of all measurements at location A.
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Figure 4.61: PM2.5 concentration variation with altitude of all measurements at location B.

Figure 4.62: PM2.5 concentration variation with altitude of all measurements at location C.
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Figure 4.63: PM2.5 concentration variation with altitude of all measurements at location D.

Figure 4.64: PM2.5 concentration variation with altitude of all measurements at location E.

PM10 CONCENTRATION

The PM10 concentration variations with altitude of all measurements at locations A, B, C, D and E, can re-
spectively be seen in figure 4.65, figure 4.66, figure 4.67, figure 4.68 and figure 4.69.
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Figure 4.65: PM10 concentration variation with altitude of all measurements at location A.

Figure 4.66: PM10 concentration variation with altitude of all measurements at location B.
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Figure 4.67: PM10 concentration variation with altitude of all measurements at location C.

Figure 4.68: PM10 concentration variation with altitude of all measurements at location D.
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Figure 4.69: PM10 concentration variation with altitude of all measurements at location E.

4.3.2. CONTINUOUS MEASUREMENTS
An overview of all continuous measurements can be found in table 4.7.

Day Start time Location Temperature range [◦C]
20/02/2024 13:20 F-G-H-I-J-K 8.0-12.2
20/02/2024 16:22 F-G-H-I-J-K 10.2-11.2
20/02/2024 16:43 F-G-H-I-J-K 9.2-11.4

Table 4.7: Overview of all continuous measurements with their respective time, day and location.

An example of the data points which are used for the interpolation can be found in figure 4.70. In this figure,
it is also shown how the interpolation is built around the data points. The motivation to exclude the diagonal
phase of the flights (to e.g. move from location F to G) is included in figure 4.3.2.
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Figure 4.70: Interpolation based on data from the continuous measurements.

INTERPOLATION ACCURACY

A cross validation has been carried out for each of the 3D interpolations. One of the points from the data set
is excluded and the rest of the interpolation is used to estimate the value at that missing point. This is done
for each of the data points, resulting in a set of statistics showing how good the interpolation is.

The interpolation has been carried out with only the vertical data, only the diagonal data and both combined.
Moreover, the interpolation has been executed with respectively the lower and upper half of the vertical data
points. An overview of the different data referred to can be found in figure 4.71. The flight speeds during the
vertical and diagonal phases of the flights were respectively 0.8 and 3.0 m/s, since the vertical phase was of
interest. Because the flight speed should not be higher than 0.8 m/s to obtain accurate data [35], it is expected
that using only the data from the vertical phase of the flight will result in the best interpolation accuracy.
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Figure 4.71: Data points grouped into vertical and diagonal flights.

In table 4.8, the statistics from the cross validation of the previously discussed data sets can be found. The
Continuous Ranked Probability Score (CRPS) measures the deviation from the predictive cumulative dis-
tribution function to each observed data value [47]. Making use of simulations, it compares data to a full
distribution instead of single-point predictions. It should be as low as possible; using all vertical data, the
lowest CRPS is obtained. The mean, Root-Mean-Square average and Standard Error are calculated for the set
of deviations between the predicted value and the actual data point.

The best results are obtained with the vertical data set. It has the lowest average CRPS, Root-Mean-Square
Average and Standard error; therefore, we carry out all interpolations with the data points from only the
vertical phase of the flights.

Vertical data
Lower half

vertical data
Upper half

vertical data
Diagonal &

vertical data
Diagonal data

Average CRPS [-] 0.140 0.148 0.147 0.147 0.151
Mean error [μg/m3] -0.002 0.002 0.001 0.003 0.001
Root-Mean-Square

Error [μg/m3]
0.245 0.260 0.260 0.253 0.269

Average Standard
Error [μg/m3]

0.284 0.381 0.316 0.346 0.297

Table 4.8: Cross validation outcomes for different interpolations of NO2 data. Data used from second day at 16.22.

TEMPERATURE

The interpolation of the temperature for the three measurements of continuous data can be found in fig-
ure 4.72, figure 4.73 and figure 4.74. Since the total temperature variation is the smallest for the second mea-
surement (second day at 16.22), we have included this measurement in the research article. The other mea-
surements have been included here for completeness; yet, due to greater temperature variability, one should
interpret these with caution.
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Figure 4.72: Empirical Bayesian Kriging 3D interpolation of temperature [◦C]. Data used from second day at 13.20.

Figure 4.73: Empirical Bayesian Kriging 3D interpolation of temperature [◦C]. Data used from second day at 16.22.
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Figure 4.74: Empirical Bayesian Kriging 3D interpolation of temperature [◦C]. Data used from second day at 16.43.

CO CONCENTRATION

The interpolation of the CO concentrations for the second and third measurements of continuous data can
be found in figure 4.75 and figure 4.76. The interpolation of the first measurement is missing, as this one
could not be created due to zero readings of the CO sensor. The obtained results are very different, which
has to do with the large temperature variability at the first and third measurement. For that reason, only the
second measurement is included and discussed in the paper.

Figure 4.75: Empirical Bayesian Kriging 3D interpolation of CO concentration [mg/m3]. Data used from second day at 16.22.
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Figure 4.76: Empirical Bayesian Kriging 3D interpolation of CO concentration [mg/m3]. Data used from second day at 16.43.

NO2 CONCENTRATION

The interpolation of the NO2 concentrations for the three measurements of continuous data can be found in
figure 4.77, figure 4.78 and figure 4.79. The obtained results are very different, which has to do with the large
temperature variability at the first and third measurement. For that reason, only the second measurement is
included and discussed in the paper.

Figure 4.77: Empirical Bayesian Kriging 3D interpolation of NO2 concentration [μg/m3]. Data used from second day at 13.20.
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Figure 4.78: Empirical Bayesian Kriging 3D interpolation of NO2 concentration [μg/m3]. Data used from second day at 16.22.

Figure 4.79: Empirical Bayesian Kriging 3D interpolation of NO2 concentration [μg/m3]. Data used from second day at 16.43.

O3 CONCENTRATION

The interpolation of the O3 concentrations for the three measurements of continuous data can be found in
figure 4.80, figure 4.81 and figure 4.82. The obtained results are very different, which has to do with the large
temperature variability at the first and third measurement. For that reason, only the second measurement is
included and discussed in the paper.
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Figure 4.80: Empirical Bayesian Kriging 3D interpolation of O3 concentration [μg/m3]. Data used from second day at 13.20.

Figure 4.81: Empirical Bayesian Kriging 3D interpolation of O3 concentration [μg/m3]. Data used from second day at 16.22.
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Figure 4.82: Empirical Bayesian Kriging 3D interpolation of O3 concentration [μg/m3]. Data used from second day at 16.43.

SO2 CONCENTRATION

The interpolation of the SO2 concentrations for the three measurements of continuous data can be found in
figure 4.83, figure 4.84 and figure 4.85. The obtained results are very different, which has to do with the large
temperature variability at the first and third measurement. For that reason, only the second measurement is
included and discussed in the paper.

Figure 4.83: Empirical Bayesian Kriging 3D interpolation of SO2 concentration [μg/m3]. Data used from second day at 13.20.
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Figure 4.84: Empirical Bayesian Kriging 3D interpolation of SO2 concentration [μg/m3]. Data used from second day at 16.22.

Figure 4.85: Empirical Bayesian Kriging 3D interpolation of SO2 concentration [μg/m3]. Data used from second day at 16.43.

PM2.5 CONCENTRATION

The interpolation of the PM2.5 concentrations for the three measurements of continuous data can be found in
figure 4.86, figure 4.87 and figure 4.88. The obtained results are very different, which has to do with the large
temperature variability at the first and third measurement. For that reason, only the second measurement is
included and discussed in the paper.
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Figure 4.86: Empirical Bayesian Kriging 3D interpolation of PM2.5 concentration [mg/m3]. Data used from second day at 13.20.

Figure 4.87: Empirical Bayesian Kriging 3D interpolation of PM2.5 concentration [μg/m3]. Data used from second day at 16.22.
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Figure 4.88: Empirical Bayesian Kriging 3D interpolation of PM2.5 concentration [μg/m3]. Data used from second day at 16.43.

PM10 CONCENTRATION

The interpolation of the PM10 concentrations for the three measurements of continuous data can be found in
figure 4.89, figure 4.90 and figure 4.91. The obtained results are very different, which has to do with the large
temperature variability at the first and third measurement. For that reason, only the second measurement
is included and discussed in the paper. The results are, however, very similar to PM2.5 as it makes use of the
same sensor.

Figure 4.89: Empirical Bayesian Kriging 3D interpolation of PM10 concentration [μg/m3]. Data used from second day at 13.20.
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Figure 4.90: Empirical Bayesian Kriging 3D interpolation of PM10 concentration [μg/m3]. Data used from second day at 16.22.

Figure 4.91: Empirical Bayesian Kriging 3D interpolation of PM10 concentration [μg/m3]. Data used from second day at 16.43.

4.3.3. COMPARISON POINT AND CONTINUOUS MEASUREMENTS
In figure 4.92, the locations of the data compared from the point and continuous measurements can be found.
In the remaining part of this section, the locations will be indicated according to the point measurements;
locations A, B and C. We compare the second (16.22) and third (16.43) measurement of the point with contin-
uous measurements during rush hour and non rush hour. We focus on the 16.22 continuous measurement
(which has the lowest temperature variability) and a rush hour point measurement (around 17.00).
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Figure 4.92: Locations of measurement comparisons point and continuous measurements.

TEMPERATURE

The different temperature profiles can be found in figure 4.93, figure 4.94 and figure 4.95. Note that a lot of
temperature variation is present in the point data from location B. Therefore, the focus during the analysis is
on locations A and C.

Figure 4.93: Comparison of temperature profile with altitude from point and continuous measurements at location A.
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Figure 4.94: Comparison of temperature profile with altitude from point and continuous measurements at location B.

Figure 4.95: Comparison of temperature profile with altitude from point and continuous measurements at location C.

CO CONCENTRATION

The measured CO concentrations against altitude at locations A, B and C can respectively be found in fig-
ure 4.96, figure 4.97 and figure 4.98.
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Figure 4.96: Comparison of CO profile with altitude from point and continuous measurements at location A.

Figure 4.97: Comparison of CO profile with altitude from point and continuous measurements at location B.
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Figure 4.98: Comparison of CO profile with altitude from point and continuous measurements at location C.

At location A, we clearly see how the CO concentration decreases with altitude for the continuous data; this
is similar to what was found for the point data. This trend is not found at location B; yet, because of the
unstable temperature, no conclusion can be found. The data at location C is incomplete and can therefore
not be compared.

NO2 CONCENTRATION

The measured NO2 concentrations against altitude at locations A, B and C can respectively be found in fig-
ure 4.99, figure 4.100 and figure 4.101.
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Figure 4.99: Comparison of NO2 profile with altitude from point and continuous measurements at location A.

Figure 4.100: Comparison of NO2 profile with altitude from point and continuous measurements at location B.
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Figure 4.101: Comparison of NO2 profile with altitude from point and continuous measurements at location C.

At location A, we find a decrease of NO2 concentration with altitude, as this location is relatively close to the
busy road. At location B, we see somewhat of an increase with altitude; however, as the continuous measure-
ments start at this location, it could be that the temperature was not yet stabilised. At location C, we clearly
see the non-linear trend with altitude which was also found in the point data. Note that location C is further
away from the busy road, which indicates that the highest NO2 concentration is not found near the ground.

O3 CONCENTRATION

The measured O3 concentrations against altitude at locations A, B and C can respectively be found in fig-
ure 4.102, figure 4.103 and figure 4.104.
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Figure 4.102: Comparison of O3 profile with altitude from point and continuous measurements at location A.

Figure 4.103: Comparison of O3 profile with altitude from point and continuous measurements at location B.
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Figure 4.104: Comparison of O3 profile with altitude from point and continuous measurements at location C.

At location A, the O3 concentration of the point as well as continuous data shows an increase with altitude.
at location B, the O3 concentration from the continuous data is relatively constant with increasing altitude.
This could again originate from the unstable temperature. At location C, we clearly see the increase of O3

concentration with altitude for the point as well as continuous data.

SO2 CONCENTRATION

The measured SO2 concentrations against altitude at locations A, B and C can respectively be found in fig-
ure 4.105, figure 4.106 and figure 4.107.
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Figure 4.105: Comparison of SO2 profile with altitude from point and continuous measurements at location A.

Figure 4.106: Comparison of SO2 profile with altitude from point and continuous measurements at location B.
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Figure 4.107: Comparison of SO2 profile with altitude from point and continuous measurements at location C.

The SO2 concentration decreases with the first 35 m of altitude. Since the measurements for the continuous
data were carried out at a minimal altitude of 35 m, this effect cannot be found. After the first 35 m, the SO2

concentration is quite constant. A slight increase can be found for some of the measurements. This increase
is found for the continuous measurements as well. The point data does not fully match with the continuous
data here, which might be the result of environmental factors such as wind.

PM2.5 CONCENTRATION

The measured PM2.5 concentrations against altitude at locations A, B and C can respectively be found in
figure 4.108, figure 4.109 and figure 4.110.
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Figure 4.108: Comparison of PM2.5 profile with altitude from point and continuous measurements at location A.

Figure 4.109: Comparison of PM2.5 profile with altitude from point and continuous measurements at location B.
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Figure 4.110: Comparison of PM2.5 profile with altitude from point and continuous measurements at location C.

It was previously found that the PM2.5 concentration has a high variability. It is quite constant with altitude.
Sometimes, a slight increase or decrease can be found as a result of different environmental conditions. The
continuous data shows the same as the point data; areas with higher concentration of PM2.5 can be found,
but no specific trend is found with increasing altitude. The results are similar for all locations.

PM10 CONCENTRATION

The measured PM10 concentrations against altitude at locations A, B and C can respectively be found in
figure 4.111, figure 4.112 and figure 4.113.
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Figure 4.111: Comparison of PM10 profile with altitude from point and continuous measurements at location A.

Figure 4.112: Comparison of PM10 profile with altitude from point and continuous measurements at location B.



4.3. MEASUREMENTS ATHENS 88

Figure 4.113: Comparison of PM10 profile with altitude from point and continuous measurements at location C.

The PM10 concentration trends are similar to the PM2.5 ones. With an increase in altitude, there tends to be
high variability. Yet, no specific trend can be found; it is overall quite constant with increasing altitude. The
conclusion of the continuous data is in line with the one from the point data.

4.3.4. MAY VERSUS FEBRUARY MEASUREMENTS
Between the 14th and 16th of May 2024, a soundwalk experiment was conducted for the ImAFUSA project
on drone noise. Measurements were carried out between 10.00 and 17.30. The same setup as in the February
measurements was used, which consists of the DJI Mavic 3 Enterprise and Sniffer4D Mini 2. We thus also
obtained new air quality data. The experiment was conducted in the same park as in February; therefore, we
can look at the differences in air quality between May and February.

For the soundwalk experiment, the drone took off at one location, hovered here at a selected altitude (be-
tween 10 and 30 m), flew horizontally with a speed of circa 2 m/s to another point, hovered for some more
time, and landed. Because of the sensitivity of the sensors to variation in temperature, we look at the mea-
sured concentrations when the drone is hovering. Moreover, if the temperature was still stabilising at the start
of the hovering, this part is excluded.

We compare the mean air pollutant concentrations obtained from all measurements taken in February to
those taken in May, within an altitude range of 10-30 m. Due to the limited number of measurements avail-
able in May, we make no distinction between time of day, location measured at and altitude. The range of
the means of the individual measurements has been included as well to further analyse the differences in
air pollutant concentrations between February of May. Finally, based on the earlier conducted data research
in section 4.1, we include expectations on differences in air pollutant concentrations from local air quality
monitoring stations in Athens.
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Expectation from
monitoring stations

February
measurements

May
measurements

Temperature
mean (range) [◦C]

- 9 (7-10) 17 (14-20)

CO concentration
mean (range) [mg/m3]

May concentration ≈ 0.6 *
February concentration

0.01 (0-0.12) 0.04 (0-0.18)

NO2 concentration
mean (range) [μg/m3]

May concentration ≈ 1.0 *
February concentration

66 (43-80) 45 (1-93)

O3 concentration
mean (range) [μg/m3]

May concentration ≈ 1.8 *
February concentration

34 (1-66) 104 (68-168)

SO2 concentration
mean (range) [μg/m3]

May concentration ≈ 1.0 *
February concentration

6 (2-9) 9 (2-12)

PM2.5 concentration
mean (range) [μg/m3]

May concentration ≈ 0.7 *
February concentration

43 (20-61) 8 (0-23)

PM10 concentration
mean (range) [μg/m3]

May concentration ≈ 0.7 *
February concentration

46 (25-65) 9 (1-25)

Table 4.9: Comparison of average concentrations from February and May measurements. Range has been indicated between brackets.

The measured temperature is significantly higher in May compared to the one measured in February. For
the CO concentration, no clear difference is found between the February and May concentrations. This is
likely caused by the offset of the CO sensor, resulting in readings often being zero. From the local monitoring
stations, a decrease was expected in May compared to February.

No significant differences between the two months can be found for the NO2 and SO2 concentrations, which
was also expected from the earlier conducted data research. The measured NO2 concentration is on average
higher in February than May, but this can also be caused by other environmental conditions.

A strong increase is found in the O3 concentration of May, compared to the one from February. This increase
was expected from the data research, although in the actual sensor readings it is even higher. Environmental
conditions could again play a role here. The significant difference found can be explained by the increased
presence of sunlight in May.

Both measured PM2.5 and PM10 concentrations are significantly lower in May than in February. A decrease
was expected from the data research; moreover, the decrease found in the measurements is higher than the
expected decrease from the data research. This decrease is likely caused by a decrease in heating and thus
biomass burning. Moreover, meteorological conditions (such as temperature inversions) can have an effect
here. Again, part of the difference found can be explained by other environmental conditions which changed
during the measurements in February and May.
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4.4. ENVIRONMENTAL IMPACT
Since most UAM configurations that are being developed nowadays have a full electric power train [16], there
will be no direct emissions. However, one should not forget the indirect emissions, due to usage of electricity
and its full life cycle: from production to recycling.

As mentioned by Koiwanit et al. [17], a Life Cycle Assessment (LCA) can help to identify the full environmental
impact of an UAM configuration. It is used to investigate how sustainable the whole life cycle of a product is,
from production to waste or recycling [48]. The most widely known LCA methods are EDIP97, Eco-indicator
99 and CLM2001 [49]; the last one has been used previously to identify the environmental impact of an UAM
configuration [17].

A factor typically typically not included in a LCA analysis is noise. Acceptance of UAM is limited because of
its noise profile, which is different to traditional aircraft [50]. Afonso et al. [51] showed that noise increases
with an increasing MTOW of drones. Drones with a smaller MTOW typically have a higher frequency noise.

As part of our research, we looked at the environmental impact resulting from energy usage for a case of mon-
itoring air quality with a drone. A full noise analysis or LCA has not been included in the scope of this research.

This environmental impact is calculated in different steps. Firstly, a use case is developed for measuring air
quality with drones. Secondly, the route flown by the drone is determined. Thirdly, the required energy is
calculated. Finally, the required energy is translated to environmental impact based on how the energy is
produced.

We assume that we want to monitor the air quality in Aigaleo (Athens), where the measurements of the earlier
discussed research took place. The total area of Aigaleo is 6 km2, about 3 x 2 km. A horizontal resolution of 50
m is assumed, taken from the continuous measurements of the experiment conducted. We assume that we
want to measure between 4 and 120 m altitude (116 m vertical range). A horizontal and vertical flight speed
of respectively 3.0 and 0.5 m/s are used. It is assumed that the whole area is monitored twice a day for one
year, equal to 730 repetitions.

The flight path is determined based on an approach by Zhao et al. [3], which optimises the flight time to
reduce battery consumption. An example of this flight path can be found in figure 4.114. In horizontal and
vertical direction respectively 85 000 and 197 200 m will be flown, equalling about 472 and 4 108 minutes of
flight time. The combined flight time is 4 581 minutes.

Figure 4.114: Optimised trajectory according to Zhao et al. [3].

The DJI Mavic 3 Enterprise with the Sniffer4D Mini 2 placed on top of it can fly 21 minutes [35]. Since one
battery has a capacity of 77 Wh [52], we find that the energy per minute of this configuration is 3.67 W. The
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energy consumption per repetition and in total are therefore respectively 17 and 12 260 kWh.

As a final step, we can translate this energy consumption into environmental impact, as can be found in ta-
ble 4.10. The emissions per kWh have been calculated by Pei et al. [44] for the energy production of Greece.
One remark is that the latest information available was from 2017 and it is likely the mix of energy production
has changed since. Most likely, the environmental impact will be reduced for the current mix of energy pro-
duction. A total emission of 8 543 kg CO2,e is found, which should definitely be considered when one wants
to employ drones for air quality monitoring.

Emission [g/kWh] Total emission [kg]
CO2 694.3 8512.6

CO2,e 696.8 8543.2
CH4 0.02 0.2
NOx 1.2 14.9
N2O 0.007 0.1
SO2 3.3 41.0

PM2.5 0.06 0.7

Table 4.10: Overview with emissions per kWh and total emissions of the use case scenario.
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