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A profound knowledge of pollutant emissions and transport processes is essential to better assess the impact on local air quality, which ultimately affects human health. This is of special importance in the proximity of airports, as flight activities are a major source of ultrafine aerosol particles (UFP) that are associated with adverse health effects. A quantification of the aerosol population in the horizontal and in particular in the vertical distribution has not been sufficiently characterized so far, but is of crucial relevance, as the atmospheric boundary layer (ABL) is strongly interacting with aerosols. For this purpose, the fixed-wing research drone called ALADINA (Application of Light-weight Aircraft for Detecting in-situ Aerosol) was operated at a distance of approximately 4 km downwind of the German airport Berlin Brandenburg (BER) on October 11–19, 2021. During the investigation period, 140 vertical profiles of different meteorological parameters and aerosol particle sizes were obtained on six measurement days between the surface and up to a maximum altitude of 750 m above ground level (a.g.l.). The investigations indicate several features: The stability of the ABL is a key characteristic for the vertical distribution of aerosol population with highest concentrations close to ground. Inversion layers further enhance horizontal transport so that airport pollutants can be moved to a further distance away. The airborne observations of total particle number concentration (TNC) coincide with ground-based data from fix-point sites. They show a high variability depending on the distance to the plume as well as upwind position and highest concentrations of TNC related to rush hours of airport operations.
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1 INTRODUCTION
Air traffic is negatively influencing the air quality in the immediate vicinity of airports (Unal et al., 2005) and plays a significant role in noise pollution (e.g., Rodriguez-Diaz et al., 2017). In addition to this, aircraft emissions are substantially contributing to the global anthropogenic climate change (Campbell et al., 2018; Lee et al., 2021), in particular at higher altitudes. These aspects may increase their impacts in future scenarios in consequence of growing demands in air transportation, which are around 4.5–5.2% per year, as prognosticated by the ICAO (International Civil Aviation Organization). Aircraft pollutant emissions consist of several different sources at ground, i.e., relevant support equipment, passenger transport, terminal boiler (e.g., Peace et al., 2006; Mazaheri et al., 2011; Masiol and Harrison, 2014), but are dominated by combustion processes of the jet engines that mainly release carbon dioxide (CO2), nitrogen oxides (NOx), carbon monoxide (CO), sulphur oxides (SOx), constituents of volatile organic compounds, particulate matter (PM) and black carbon (BC) (e.g., Lighty et al., 2000; Karcher, 2018). Winther et al. (2015) presented that half of the calculated PM emissions relate to the sulphur content of the used fuel. In particular, ultrafine aerosol particles (UFP) with a diameter less than 100 nm are emitted, which constitute a considerable factor in a possible deterioration of air quality and human health. Due to their small size, that is further accompanied by a high mobility, UFP can be directly inhaled via respiratory tracts. Thus, UFP can deeply infiltrate into lungs, which ultimately implies pulmonary diseases, and they may have the ability to penetrate into bloodstreams (e.g., Schwartz, 2001; Frampton et al., 2006). In consequence, UFP are associated with a higher potential of chronic illnesses like asthma and have been connected to a more frequent incidence of cancer (e.g., Habre et al., 2018; Bendtsen et al., 2021; Riley et al., 2021).
For this purpose, UFP are subject to current environmental studies and were investigated worldwide close to large size airports, as well as at wider surroundings, comprising measurements at fixed-point sites and based on mobile platforms that allow to better assess the role of UFP at greater horizontal distances. In general, the total particle number concentration (TNC) tended to peak in close proximity to airports, contrasting with lower aerosol particle concentrations observed upwind from airports or at larger distances away (Stacey, 2019). For example, Westerdahl et al. (2008) measured averaged concentrations of UFP of 5 × 104 cm−3 at a distance of 500 m downwind of the Los Angeles International Airport (LAX) and determined a domination of the very small particles with a size of 10–15 nm of the ambient PM. Additionally, a dependence of number of emitted UPF on the maximum takeoff weight (MTOW) of aircraft was shown in Zhu et al. (2011), who further identified an increase of UFP with a size of 15 nm in relation to aircraft with enhanced MTOW at LAX. Other investigations were conducted at the Santa Monica Airport (SMO), for instance Hu et al. (2009) presented that UFP reached 10 times higher concentrations at a close distance of 100 m compared to background concentrations. At a larger distance of 660 m away, UFP reached values up to 2.5 times higher than the background data downwind of SMO. The appearance of enhanced UFP measured close to and nearby airports, conclude a high impact of air traffic pollutants that are emitted into the ambient atmosphere. Other investigations of Hudda and Fruin (2016) showed that a significant increase of UFP appeared indoors at residences living downwind of the Boston Logan International Airport (BOS). Stafoggia et al. (2016) presented that TNC increased within minutes after takeoffs at the Rome Ciampino city airport (CIA) but found no specific relevance of TNC depending on the exhaust of different types of aircraft. Up to now, largest UFP concentrations were observed during all procedures of airport operation, covering takeoff, climb-out, taxiing, idling at gates and landings, which was for instance shown in Keuken et al. (2015), who measured at a distance of 7 km downwind of the Amsterdam Airport Schiphol (AMS). Other studies presented that emission rates of UFP strongly depend on the actual fuel flow (Kinsey et al., 2010).
Besides pollutants that are directly linked to aircraft, car traffic is also a signification contributor to pollutant emissions that needs to be validated and studied at close distance to airports. This means for instance assessing the amount of PM which is emitted by commuter traffic, transportation of passengers, shuttle services and other sources for pollution nearby. This raises the question how the existent aerosol population can be attributed to different types of sources. For instance, Austin et al. (2021) demonstrated that higher concentrations of UFP (10–100 nm) were connected to roadway traffic and concurrent with increased values of black carbon (BC) concentrations. The authors concluded that aircraft traffic consisted of lower BC and lower concentrations of PM compared to road traffic, which was dominated by the appearance of UFP in smaller sizes than 20 nm. The study of Austin et al. (2021) was carried out with hybrid-electric vehicles along transects north and south of the Seattle-Tacoma International Airport (SEA), where UFP strongly appeared below landing paths of aircraft. Thus, it is of particular significance to consider diverse types of the atmospheric aerosol population, like simultaneous measurements of aerosol particles in different sizes, BC and the fraction of volatile constituents.
So far, intensive field investigations were solely conducted near ground. However, a detailed picture of UFP and BC as constituents of airport pollutants in the vertical distribution have not yet been considered, which is crucial to better understand transport and mixing of the emissions and the interaction with the atmospheric boundary layer (ABL). For this purpose, the research drone ALADINA was used during the ULTRAFLEB (EN: UFP caused by airports in Berlin) project at the German airport Berlin Brandenburg (BER) in October 2021. The data of the performed research flights comprise vertical profiles of UFP (size 5–11 nm), TNC (size 5 nm–1 μm), accumulation mode (size 300–500 nm) and equivalent black carbon mass concentration (eBC), influenced by different ABL properties. For assessing the source apportionment, the profiles were separated into three distinguished surface wind sections that occurred at the site during the measurement period.
This article is structured as following: Sect. Two provides an overview of the used methods, including the measurement site, instrumentation which was used during the study, data post-processing of ALADINA and the applied wind cluster analysis. The results are shown in Sect. Three which focus on the vertical distribution of aerosols and ABL parameters that are dedicated to the specified surface wind sectors. In addition, different case studies are presented that consider time series of TNC, depending on upwind and downwind surface observations at BER, in comparison with vertical profiles of TNC. Another study shows that emissions assigned to arrival and departure were transported to the ALADINA investigation area on 19 October 2021. The outcome of the study is discussed and summed up in Section 4.
2 MATERIALS AND METHODS
2.1 Measurement site
The airport Berlin Brandenburg (BER, appr. 45 m a.s.l.) is located in the middle of Europe in Germany and lies in the county of Brandenburg, around 5 km away from the city boundary of the capital city Berlin (see Figure 1A). In October 2020, BER commenced flight operations, and it is the only airport in Berlin since spring 2021. In this year, the passenger volume was almost 10 million passengers, and approximately 105,700 aircraft movements at BER. It is the third largest airport in Germany nowadays. The destination airports are primarily located in the southern European holiday regions or within Germany (Friedmann and Belz, 2022). The operations maintain a ban on night flights, mainly between 23:00 and 05:00 CET (Central European Time). In the following, the surrounding of BER is discussed. The municipality of Schönefeld, the city boundary of Berlin and the highway B96a are located north of BER. East of BER lies the route of the motorway A113, which is the third most frequented route in Berlin and links the city center of Berlin with the motorway A10 (called Berlin ring road), both can be seen in Figures 1A,B. The region south of BER is mainly characterized by rural land that comprises meadows, moors, swamps and forests as well as the less frequented road L402. West of BER is the municipality of Mahlow and the highway B96. The industrial park Dahlewitz is located south-west of BER and contains, e.g., a RollsRoyce factory at a distance of around 7 km. As there is a predominantly westerly wind in the region, the two runways are orientated in east-west direction at BER. The COVID-19 pandemic caused reductions in the flight schedule and only one runway was in operation during the ULTRAFLEB period. There is a northern runway (07L/25R) and a southern runway (07R/25L). Between April 2021 until November 2021, the runway in use alternated in a monthly sequence.
[image: Figure 1]FIGURE 1 | (A) The map presents the position of the ALADINA investigating area (cyan diamond) around the airport Berlin Brandenburg (BER) and the locations of the three surface measurements FBB-1 (blue), FBB-2 (black) and Mahlow (green). (B) Three main wind sectors were defined during the drone period (black line), calculated from the surface wind direction at FBB-1 and FBB-2. Yellow: Sector I, including the motorway A113, representative for surface wind directions from 145° to 195°. Blue: Sector II with wind directions from 195° to 235°, mainly impacted by aircraft traffic at the southern runway and at the main buildings of BER. Green: Sector III with regard to surface wind directions between 235° and 300°, coming from the northern runway as well as background site of BER and as an additional source pollutants from the highway B96a. Source: Geoportal Berlin, Esri, Garmin, USGS.
Continuously measured surface data of TNC was available from three different stations that were deployed during ULTRAFLEB (see Figure 1A), spanning an axis downwind and upwind of BER.
The TROPOS (Leibniz Institute for Tropospheric Research) site, which was situated around 5 km west and upwind of BER in Blankenfelde-Mahlow, hereafter referred to Mahlow, was equipped with a mobility particle size spectrometer (MPSS). The MPSS was made by TROPOS, measurements conformed to the standard CEN/TS 17434 and to ACTRIS recommendations. Recordings of particle number size distribution were conducted at 5 min intervals, alternatingly between recording all particles and non-volatile particles only. Here, only the recordings for all particles were used which were hence available at 10 min intervals. From the recorded distributions, the integral particle number concentrations for the size range 8–800 nm was calculated.
In addition, aerosol and wind data were observed at two different surface locations (see Figures 1A,B), coordinated by the Flughafen Berlin Brandenburg (FBB). The station named FBB-1 is located at the eastern end of the northern runway of the BER, which was not operational during the ALADINA measurements. The site termed as FBB-2 lies in a residential area in Bohnsdorf (BDF). Seen from the BER terminal and from the middle of the operational southern runway (located immediately south of the terminal), both stations are located downwind in about the same direction (northeast), but station FBB-2 is more than 3 times (7 km) further away from the terminal than station FBB-1 (2 km). The observed TNC data was derived from two condensation particle counters (CPC): model type 5420 (GRIMM Aerosol Technik GmbH & Co. KG, Germany) at FBB-1 and model type 3010 (TSI Inc., USA, provided by TROPOS) at FBB-2. Before deployment, both instruments were tested at TROPOS, by comparing them to a reference instrument and none of these instruments showed systematic deviations from the reference.
For the analysis shown here, surface wind speed and wind direction are taken into account from FBB-1 and FBB-2 in 1 h temporal interval for deriving the current wind field during the time of the drone measurements.
2.2 ALADINA instrumentation
The uncrewed aerial vehicle (UAV) ALADINA was designed by the Technische Universität Braunschweig (TU Braunschweig) and developed for atmospheric research based on the aircraft type Carolo P360 (Figures 2A–D). The latest version of the UAV was presented in Lampert et al. (2020). For the operation at BER, ALADINA was implemented with a more accurate and newer version of the inertial measurement unit (IMU, model ADIS16488, Analog Devices, Inc., USA) and Global Navigation Satellite System (GNSS, uBlox ZED-F9P, u-blox Holding AG, Switzerland) that is used for an external orientation and position estimation. The data from the uBlox ZED-F9P is also used for generating the time standard of the measurement system. Both devices (IMU and GNSS module) are independent of the autopilot, thus a redundant observation of the UAV position is available. In addition, ALADINA was equipped with a premier FAA TSO (Federal Aviation Authority Technical Standard Order) certified Mode-S transponder (model Ping200X TSO, uAvionix Corporation, USA, see. Figure 2C, number 6), which enables the visibility of the UAV and ADS-B (Automatic Dependent Surveillance-Broadcast) transponder, and which is relevant for noticing actions in TCAS (Traffic Alert and Collision Avoidance System) of landing aircraft. The measurement data is synchronized via a central bus system called messBUS with a sampling rate of up to 100 Hz (see Bretschneider et al., 2022).
[image: Figure 2]FIGURE 2 | (A) ALADINA during takeoff, in the background the airport Berlin Brandenburg (BER) with the tower visible in the middle of the picture. (B) ALADINA during measurement flight with an aircraft in the background. (C) Front part of ALADINA, including meteorological sensors (1–4), aerosol inlet (5) and the transponder (6). (D) ALADINA aerosol compartment and ground tests of the ALADINA flight crew before performance of the next measurement flight. Source: TU BS.
The meteorological sensors and the aerosol inlet are mounted at the tip of the aircraft nose (see. Figure 2C, numbers 1–3 and 5) to assure an undisturbed incoming flow of the sampled air probe. The horizontal wind direction and wind speed are determined from a multi-hole probe (Figure 2C, number 1), the setup and post-processing of the wind data is shown in detail in Barfuss et al. (2018). During the ULTRAFLEB operation, two different temperature sensors were in use: a slow temperature sensor (HMP110, Vaisala, Finland, number 2) with a temporal resolution of 1 Hz and a fast temperature sensor of type platinum-fine wire (FW) resistance thermometer, manufactured by the Institute of Flight Guidance (TU Braunschweig, Germany, number 3) with a high temporal resolution of 100 Hz. During post-processing, complimentary filtering was applied for the temperature signals to combine the data with different temporal resolutions, more information about the methods are presented in (Barfuss et al., 2023). Further, a humidity sensor (model HMP110, Vaisala, number 2) was deployed that measures the water vapor content with a temporal resolution of 1 Hz. Two pyranometers (model ML01, Eko Instruments Co., Ltd., Japan, Figure 2C, number 4a, 4b) are installed at the top and bottom of ALADINA, for measuring the up- and downwelling shortwave irradiance with a fast response time of less than 1 ms, which are not considered in this study shown here.
Two CPCs of the same type (model 3007, TSI Inc., USA) are deployed in the inner compartment, which is kept at a stable temperature range. Both CPCs are tuned to different lower threshold diameters, and work in a size of a few nm up to around 1 μm. The two CPCs were tested and modified by TROPOS, and the individual cut-off sizes were determined to be 5 and 11 nm. They have a concentration measurement uncertainty of ±20%. Thus, the concentration difference between both sensors provides an identification of UFP, valid for the size between 5 and 11 nm, here after termed as N5−11. The total particle number concentration (TNC) is derived from a CPC with the lower cut-off size, thus valid for a size range between 5 nm and 1 μm. Further, an optical particle counter (OPC, model GT-526S, Met One Instruments Inc., USA) is integrated that counts particles within six size channels valid for a size between 300 nm and up to around 5 μm. For this study, the aerosol particle number concentration of the smallest channel is used for the size bin of 300–500 nm, referred to as N300−500 with a measurement uncertainty of ±15% (Altstädter et al., 2015). The CPCs and OPC are driven critically with a single pump which further allows a working operation for the aerosol sensors with a controlled volume flow (see Harm-Altstädter et al., 2023). A micro aethalometer (microAeth® model AE51, AethLabs, USA) is implemented on board for detecting eBC, based on the light absorbing measurement principle for a single wavelength of λ = 880 nm at a flow rate of 150 mL min−1. The measurement error is of ±0.2 μg m−3, determined from a previous field campaign (Altstädter et al., 2020). For a better orientation, the main specifications of the aerosol sensors onboard are summarized in Table 1.
TABLE 1 | Aerosol instrumentation deployed on the research drone ALADINA. TNC: total aerosol particle number concentration, eBC: equivalent black carbon mass concentration.
[image: Table 1]2.3 ALADINA flight operation
During the ALADINA flight period, the southern runway (07R/25L) was in operation, marked in Figure 1B and the UAV was used at a distance of 4.9 km away from the center of the southern runway and around 4 km away from the main buildings of the airport (see Figure 1B). Measurement flights were limited to specific weather conditions, covering no precipitation and wind speed less than 15 m s−1. A daily briefing was performed with the German Air Traffic Control Authorities (GE: Deutsche Flugsicherung, DFS) and the flight procedures fulfilled all safety requirements, e.g., by issuing a NOTAM (Notice to Airmen), UAV operation at least at a safety horizontal distance of 1 NM (around 1.9 km) away from the runway, and by using a transponder so that a real-time information was available for others. Thus, ALADINA was apparent to ATC (Air Traffic Control) and in publicly available applications like FlightRadar 24. Takeoff and landing of ALADINA were performed by remote control, but the flight mission was conducted via the autopilot system Pixhawk 2.1 Cube (Hex-Aero/ProfiCNC, Singapore) after sending a predefined flight path at a safe altitude range, typically at the height of 100 m above ground. Each research flight consisted of at least four vertical profiles (see Figure 3A) and the second ascent was performed along with horizontal legs at constant altitudes, which is further displayed in Figures 3B–C. The horizontal path was orientated regarding the current wind direction (perpendicular and in parallel) and is necessary for the calculation of the wind speed and wind direction derived from ALADINA. Further, the UAS was steadily flying the same sequences of the vertical profiles and horizontal legs in order to provide the highest reproducibility of the studied area.
[image: Figure 3]FIGURE 3 | (A) Measurement flight (black line) performed with ALADINA close to BER on 17 October 2021 (Flight ID 16). (B) Bird’s eye view of the flight path, showing the orientation of the horizontal legs during the third vertical profile (blue line). (C) Top view with greater distance to present the UAV measurement area and the impact of the BER plume according to the current wind direction. Source: (B) Geoportal Berlin, Esri, HERE, Garmin, INCREMENT P, USGS, METI/NASA and (C) Geoportal Berlin, Esri, HERE, Garmin, USGS, NGA.
2.4 Data post-processing and wind sector clustering
Table 2 shows an overview of the individual times of the research flights which are contributing to the study shown here. During ULTRAFLEB, 44 measurement flights were performed with ALADINA on October 11–19, 2021, with an average flight time of 29 min. After quality check of the airborne data, 34 research flights were considered, ensuring a full data availability of the horizontal wind. In total, 140 vertical profiles are available between the surface and up to a typical maximum altitude of 750 m a.g.l. Further, the overall flight activity is shown which was recorded by FBB. A sum of 520 flight movements occurred simultaneously during the UAV flight periods. By considering only individually performed research flights, an averaged number of eight arrivals plus seven departures proceeded at the same time, mainly by medium size aircraft, according to the wake turbulence category, for instance aircraft type A320, and lower contributions of smaller categories. Table 2 provides also information on weekdays of the research flights. Four out of the six ALADINA measurement days were during workdays (20 ALADINA flights, 302 flight movements at BER), and only two out of 6 days were operated on weekend (14 ALADINA flights, 218 flight movements at BER). At this point, it should be mentioned that the UAV investigation was within the COVID-19 pandemic but during school holidays, valid for several areas, including Berlin and Brandenburg. Thus, the airport was at the maximum intensity of operation with one runway in use.
TABLE 2 | Measurement flights performed with ALADINA at the airport Berlin-Brandenburg (BER). From left to right: date, Flight ID, takeoff and landing time in UTC (CET+2 h), number of vertical profiles, surface wind direction (dd) measured at BER and Bohnsdorf (BDF), day of week, and classification of the three sectors, namely, Sector I (motorway A113), Sector II (southern runway) as well as Sector III (airport-B96a). In addition, the flight activity is inserted, consisting of the number of aircraft summed up in the same time period as the individual research flights of ALADINA (A: arrival, D: departure).
[image: Table 2]For the analysis shown here, wind sectors were clustered in a geometric scheme according to the surface wind direction measured at the two ground based stations at BER (FBB-1), as well as at Bohnsdorf (FBB-2), spanning an axis downwind of BER and with the ALADINA measurements in between (Figures 1A,B). The observed surface wind direction was assigned to the single performed research flights (see Table 2). During the ALADINA period, the site was influenced by a wind direction ranging from 145° to 300°. Considering the large impact of different sources of surface aerosols according to the span of wind direction, three main wind sectors were chosen that represent distinguish sources for the measured aerosol population. The dedicated wind sectors are only considering the surface wind direction but due to continuously measurements, the data provides an appropriate basis for analyzing dynamically driven impacts in the spatial scale. The classified wind sectors are further illustrated in Figure 1B.
The potential constituents of pollutants are explained in the following in a clockwise order.
• Sector I includes the motorway A113, is assigned to surface wind direction from 145° to 195° and should represent the aerosol population near ground mainly released from car traffic, as the sector covers the highly frequented motorway in the south-north axis coming from Berlin. Wind directions within this sector occurred less frequently during six research flights, summarizing 24 vertical profiles in the evening hours on 18 October 2021 and in the morning on 19 October 2021.
• Sector II covers the southern runway, and consists of surface wind direction from 195° to 235°. The results should consider the major impact of aircraft traffic that occurred at the southern runway and emissions from the main buildings of BER. Thus, Sector II should stand for an aerosol population representative for the plume of BER. This sector was present during 18 measurement flights, comprising a total number of 72 vertical profiles, which were performed on three different measurement days between 17 October 2021 and 19 October 2021.
• Sector III spans the northern part of the airport and the route B96a, characterized by surface wind direction between 235° and 300°, implying activities from the northern runway, which was, however, not in use at the period, and car traffic at the highway B96a that is generally less frequently used in comparison with the main motorway A113. This sector should typify a background situation, and the results are representative for ten research flights, leading to a sum of 44 vertical profiles. Wind direction from this sector occurred on five measurement days, most pronounced on October 11–16, 2021, as well as sporadically in the afternoon on 17 October 2021 and once less pronounced in the afternoon on 18 October 2021.
Subsequently, the results are shown in terms of a consolidation of the 140 individual vertical profiles which were obtained from ALADINA. For a comparison with the airport dispersion model LASPORT (e.g., Lorentz et al., 2019), the ALADINA data was averaged in 20 m altitude intervals and all profiles of the same flight were averaged. This procedure was carefully checked. The variability in the vertical scale was negligible by considering two successive profiles for a case with a high grade of turbulence during morning hours. The data of the respective calculated median, minimum and maximum were merged into single profiles and are displayed together in the vertical scale according to the three wind sectors. This separation was done in order to differentiate the potential impacts of different emission sources on the vertical variability of the aerosol population. As shown in the following, the illustrations maintain the same sequences from left to right showing the Sector I (motorway A113), Sector II (BER plume) and Sector III (northern part of the airport).
3 RESULTS
3.1 ABL properties during the ALADINA measurement period at BER
First, Figure 4 and Figure 5 are discussed to visualize the influence of meteorological parameters on the aerosol population in the vertical scale. Each graph shows two different measured values depending on altitude, e.g., potential temperature and specific humidity in Figure 4 and wind speed along with wind direction in Figure 5. According to the ABL observations for Sector I (see Figure 4A), the median vertical profile of potential temperature (green line) indicates a strong inversion layer with an increase of 8 K between the height of 300 and 700 m a.g.l. Which concludes a stably stratified ABL, where vertical particle movement is inhibited. Measurements during Sector II (see Figure 4B), involving major impacts originating from BER, illustrate the existence of a pronounced surface inversion layer that is solely visible in the lowermost several meters and a second weak inversion layer with a gradient of 2.5 K above 100 m a.g.l. and up to 400 m a.g.l. The median averaged data of the potential temperature is not clearly interpretable, as it is based on a mixture of different daytime as well as carried out on three measurement days. For Sector III, ALADINA flights were solely performed after 11:41 UTC (coordinated universal time, +2 h CET) (see Figure 4C). and the median average of the potential temperature is uniform in the vertical scale, which resulted in a generally well-mixed ABL. However, an inversion layer is visible above 600 m a.g.l. Which is most likely associated with a sink of the ABL height, as flights were performed in the late afternoon so that a lower solar irradiance is available. In principle, the vertical distribution of the median calculated specific humidity (black line) shows higher values close to ground and strong gradients in the vertical scale in correlation with inversion layers.
[image: Figure 4]FIGURE 4 | Vertical profiles between ground and 700 m a.g.l. Of the median potential temperature in K (green line) and specific humidity in g kg−1 (black line), measured with ALADINA near BER in October 2021 for (A) Sector I, (B) Sector II, and (C) Sector III. The vertical profiles were averaged in 20 m altitude steps and gathered according to the selected Sectors, based on the sum of 140 individual vertical profiles.
[image: Figure 5]FIGURE 5 | Vertical profiles of median wind direction in degree (green line) and median wind speed in m s−1 (black line) measured with ALADINA near BER during the ULTRAFLEB project in the time period October 11–19, 2021 for (A) Sector I, (B) Sector II and (C) Sector III. The vertical profiles are based on 20 m steps averaged for the total number of 140 individual profiles and separated along with the surface wind sector. The median ground measurements of the wind direction at BER (blue) and BDF (red) measured by the German Weather Service are also provided.
Figure 5 presents the same clusters but valid for the vertical profiles of the mean wind direction (black line) and mean wind speed (green line). The observations of the two ground-based sites from FBB at BER and BDF are indicated as well for a comparison. For Sector I (see Figure 5A), the vertical profile of the median wind speed shows an increase from 3.5 to 10 m s−1 between the surface and up to the altitude of around 300 m a.g.l., where the ABL is mainly neutrally stratified. The wind direction is rotating from 180° to 245° between ground and the height of 400 m a.g.l. For Sector II (see Figure 5B), the median wind speed increases steadily with altitude and reaches values between 3.5 and 9.5 m s−1, where the wind direction turns from 215° to 260° in the lowermost 300 m a.g.l. For Sector III (airport-B96a), the mean wind direction is rotating from 235° to 265° in the lowermost 100 m a.g.l., but remains constant above this height in accordance with a neutrally stratified ABL (see Figure 5C).
3.2 Impact of ABL stability on the vertical distribution of the measured aerosol population
Figure 6 displays vertical profiles of the averaged aerosol particle number concentration, in relation to the three different sectors. The aerosol profiles are based on the median TNC (blue line) in a direct comparison with the median calculated UFP for the size between 5 and 11 nm (red line), as well as the ratio of UFP to TNC (gray dashed line). This correlation is most pronounced for Sector I (see Figure 6A), identified by maximum values of TNC with 3.4 × 104 cm−3 which occur near the surface and strongly decreases to around 2.1 × 103 cm−3 at the height of 350 m a.g.l. This is in good agreement with the vertical distribution of the mean UFP that reaches a maximum of 8.8 × 103 cm−3 close to ground and consists of a proportion with 31% of TNC below the persistent inversion layer. A significant gradient of the UFP/TNC fraction is visible at the height of 300 m a.g.l., representative for only about 10%, which, however, significantly increases to 35% with growing altitude. For Sector II (see Figure 6B), the highest median concentrations of TNC are measured near ground and reach values up to 2.9 × 104 cm−3. Above, TNC decreases with altitude to a median concentration of around 6.6 × 103 cm−3. Above the height of 300 m a.g.l., the median TNC is almost uniform with low concentrations. The vertical profile of UFP follows the same distribution, similar to TNC, with a maximum of 2.0 × 104 cm−3. This characteristic is similar to the observations for Sector I, but with a sharper gradient of enhanced concentrations at a specifically confined altitude region of 100 m a.g.l. and an additional low enhancement at the height of 400 m a.g.l. The actual reason for the increase of UFP is not clearly identified. The authors consider most likely an additional source for UFP apart from emissions of BER. However, it cannot be excluded whether the increase is linked to transported pollutants that originate from the approaching sector of air traffic. Nevertheless, in this case, the UFP/TNC fraction reaches 20% close to ground and is generally decreasing with altitude, characterized by a median proportion of about 14%, but increases above the height of 650 m a.g.l. To 27%. In contrast to this, the vertical distribution of TNC and UFP show a consistency of both measured values that are related to Sector III (see Figure 6C). TNC reaches concentrations up to 1.0 × 104 cm−3 near ground and decreases marginally up to the maximum altitude of 750 m a.g.l., represented by a value of 2.4 × 103 cm−3. UFP occur with low concentrations between 2.4 and 7.9 × 103 cm−3. The fraction of UFP to TNC varies between 3 and 31% in the whole investigation altitude and reaches marginally higher concentrations between the height of 300 and 650 m a.g.l., where the top of the inversion layer is apparent (see Figure 4C). By taking into account the extreme events, the total maximum of TNC reaches a value of 1.2 ± 0.24 × 105 cm−3, influenced by surface wind coming from BER. However, this high value of the measured TNC is apparent at an altitude of 400 m a.g.l. and does not occur at ground. In addition, this maximum is far exceeding the highest concentration measured at ground level with a value of 8.5 × 104 cm−3. The discrepancy of the two maxima of TNC at different altitudes is most likely attributed to an overlap of previously emitted sources, as different populations may coexist at the same time due to impacts of a stably stratified ABL, which prevents mixing in the vertical scale.
[image: Figure 6]FIGURE 6 | Vertical profiles of median aerosol particle number concentration, measured with both CPCs as an indicator for UFP with a size between 5 nm and 11 nm referred to as N5−11 (red line), TNC for the size between 5 nm and 1 μm (blue line) and the fraction of UFP/TNC (dashed line), valid for (A) Sector I, (B) Sector II and (C) Sector III. The parameters were calculated according to 20 m altitude steps and are based on 140 individual profiles performed with ALADINA at BER in October 2021.
Figure 7 shows the proportion of accumulation mode, here referred to N300−500 (black line) and eBC (green line) to the measured TNC. For Sector I (Figure 7A), a pronounced enhancement of the two median parameters is visible below the existent inversion layer, resulting in a highest medium concentration of 140 cm−3 for N300−500 and in a highest value of the median eBC with 1.2 μg m−3. Above, the concentrations of both parameters decrease in the vertical scale to a median value of 23 cm−3 for accumulation mode particles and 0.2 μg m−3 for eBC, respectively. Here it is important to note that with respect to the shown eBC data, a lower temporal resolution of 1 Hz was chosen for the analysis. Due to high variability of the attenuation signal, only the median profile is shown to maintain a good readability of the figure. For Sector II (Figure 7B), the vertical distribution of N300−500 indicates highest concentrations at the lowermost 200 m a.g.l., reaching a median maximum of 43 cm−3. With increasing altitude, the vertical distribution of the median N300−500 decreases to a minimum of 14 cm−3 and is generally uniform in the vertical scale. A similar vertical distribution is apparent for eBC, characterized by a steady reduction from 0.7 μg m−3 to 0.2 μg m−3 between ground and the maximum height, with highest value close to surface. For Sector III (Figure 7C), the median N300−500 varies between 17 and 27 cm−3, and is almost uniformly dispersed with growing altitude. This shape is consistent with the median eBC data that reaches values between 0.2 and 0.52 μg m−3.
[image: Figure 7]FIGURE 7 | Vertical profiles of median aerosol particle number concentration, measured with an OPC for the particle size between 300 and 500 nm in  cm−3 (black line) and equivalent black carbon mass concentration (eBC) derived from an AE51 in μg m−3 (green line) for (A) Sector I, (B) Sector II and (C) Sector III, based on 20 m altitude steps, via 140 individual profiles measured with ALADINA at BER during ULTRAFLEB in October 2021.
3.3 Variability of aerosol concentration in and outside of the BER plume
Summarizing the main findings shown above, the aerosol population is strongly influenced by the ABL stability in the vertical scale, here once only discussed independently of the overlaying impact of the respective surface wind conditions. In order to better elucidate the variability of TNC that occurs close to ground, one single measurement day is shown in Figure 8. For this purpose, the observations are chosen for 18 October 2021, as the ALADINA site was mainly influenced by Sector II, thus this day is most representative for characterizing emissions originating from BER (see Table 2, Flight ID 27-ID 38). The figure displays time series of vertical profiles of TNC (Figure 8A) and wind speed (Figure 8B) derived from ALADINA compared to continuously measured TNC data, obtained from the two ground-based stations at BER from FBB-1 (dashed line) and from the TROPOS site at Mahlow (solid line). During the measurement day, ALADINA performed 12 research flights, each consisting of four vertical profiles, comprising of two ascents and two descents that were conducted below the limiting height of 750 m a.g.l. The color coded profiles (ranging from blue to red) of TNC demonstrate that particularly in the morning hours between 06:00 and 07:30 UTC, TNC peaks close to ground and highest concentrations are solely visible below the height of 100 m a.g.l., indicated by a sharp gradient at this altitude. During the day, TNC is transported up to higher altitudes but reaches lower maximum values, most thinned out in the afternoon between 12:00 and 13:30 UTC. At around 15:30 UTC, the total maximum of TNC is only apparent at the lowermost 100 m a.g.l., similar to the observations in the morning hours. The surface TNC data at Mahlow ranges between 0.4 and 2.1 × 104 cm−3, characterized by a general minimal variability during the day, apart from an increase after 16:15 UTC. This is in a large contrast when considering measurements of TNC at BER, as this data varies between 0.8 and 5.5 × 104 cm−3, thus exceeding concentrations by a factor of four in comparison with Mahlow.
[image: Figure 8]FIGURE 8 | (A) Time series of vertical profiles of TNC and (B) wind speed, measured with ALADINA and surface data on October 19, 2021. The color bar ranges from blue (minimal) to red (maximal) according to the specific shown parameters. Surface observations of TNC are measured continuously during the ULTRAFLEB-project at the TROPOS Mahlow station (solid black line) and at FBB-1 close to BER (dashed black line) in 5 min intervals, respectively.
The strong variability of TNC during the day is linked to rush hours at BER, most pronounced between 06:30 and 08:00 UTC. The high difference of both surface TNC data set is attributed to the location of the two stations, as FBB-1 measurements are carried out in the BER plume and Mahlow is situated upwind of BER. In general, TNC measured at BER exceeds the observed TNC with ALADINA at ground, which can be explained by the horizontal distance of both sites. The ALADINA investigations are further away from the plume, so that a higher degree of diffusion has already taken place that reduces TNC in the ambient atmosphere.
All in all, the vertical distribution of TNC coincides with the lifting of the inversion layer and it is significantly coupled with enhanced wind bands at the altitude of the temperature inversion (see Figure 8B). This phenomenon was visible on all studied days, but most pronounced in the morning hours on 19 October 2021 (Sector I). This correlation is presented in detail in the following case study (see. Section 3.4).
3.4 Assessing aircraft emissions during arrival and departure
As Sector I covers the final approach at BER (see Figure 9A), it is expected to detect aircraft emissions that have been transported to the ALADINA site, influenced by wind from south. By assuming a −3° approach angle of the aircraft (see Figure 9B), Sector I should be crossed at an altitude within a range of 60–180 m a.g.l. By considering that a typical civil aircraft holds a cruising speed of around 220 km h−1 during final approach, aircraft most likely pass through Sector I in 38 s before touchdown. However, by cross-referencing the actual landing times of aircraft at BER in comparison with the measurement flights of ALADINA, aircraft generally enter Sector I a few minutes before ALADINA passed the same altitude at a distance of 2.44 km (appr 1.32 NM) away from the main approach sector. The possible overlap, which may allow to measure transported emissions exposed during arrival, is attributed to Sector I. On 19 October 2021, ALADINA performed six research flights, and four were influenced by Sector I (see Table 2, Flight ID 39-ID 42).
[image: Figure 9]FIGURE 9 | (A) Scheme of the case study for analysing potentially exposed emissions during the final approach for Sector I (marked in bright orange). (B) Perspective view of final approach entering Sector I and crossing the same altitude with ALADINA (black cross) at a horizontal distance of around 2.4 km.
Figure 10 shows time series of TNC profiles and wind speed profiles derived from ALADINA in comparison with surface data of TNC obtained from the two ground stations at BER from FBB-1 and at Mahlow. The vertical profiles of TNC (see Figure 10A) show highest concentrations close to ground and below the height of 100 m a.g.l., valid for the period between 06:00 and 08:30 UTC. Afterwards, enhanced TNC is visible up to 500 m a.g.l. and exhibit a high spatial variability. The continuous measurements at Mahlow present a maximum TNC of 2.8 × 104 cm−3 at around 09:45 UTC, which is attributed to the period when the wind direction changed at ground. In principle, TNC reaches almost a constant value of 0.4 × 104 cm−3 by considering the whole period except for the sporadic peak. The observation of TNC at FBB-1 varies between 0.5 and 4.8 × 104 cm−3, but peaks are less frequent and less pronounced compared to the day before (see Section 3.3). The vertical distribution of wind speed (see Figure 10B) indicates stronger wind speeds between the height of 300 and 400 m a.g.l., a so-called low level jet (LLJ). This phenomenon is still subject to current investigations (e.g., Emeis, 2014) but was firstly described in Blackadar (1957). The appearance of the LLJ strongly influences the aerosol distribution in the spatial scale. This is further shown for specific vertical profiles of ID 41 and ID 42 in Figure 11. The core of the LLJ is at an altitude of around 300 m a.g.l., which is further indicated by gray boxes in the graph. This altitude area coincides with highest gradients of potential temperature (Figure 11E), an inversion layer. This layer prevents mixing in the vertical distribution which can be seen by two different aerosol populations of TNC (Figure 11A) and N300−500 (Figure 11B) in the vertical scale.
[image: Figure 10]FIGURE 10 | The same as Figure 8 but for the measurement day influenced by motorway (Sector I) on 19 October 2021. The diamonds in the graph indicate the time series of the specific investigations shown in Figure 12.
[image: Figure 11]FIGURE 11 | Vertical profiles of (A) TNC, (B) N300−500, (C) wind direction, (D) wind speed and (E) potential temperature measured with ALADINA during Flight ID 41 and Flight ID 42 on October 19, 2021.
The question is where the enhanced aerosol concentrations have their origin. In order to examine possible sources, the wind direction in the vertical distribution is considered in more detail (see Figure 11C). Close to ground, emissions are most likely dominated by car traffic from the motorway sector. Above and apart from the surface, the wind direction lies between 220° and 240° at the altitude region of the LLJ. This height area covers influences from the runway, including departures of aircraft from BER. This correlation leads to the hypothesis that aircraft emissions are transported to the ALADINA measurement site. Due to the onset of the LLJ, the horizontal transport is enhanced. To verify this assumption, a further examination is displayed in Figure 12. This graph shows time series of TNC regarding the first vertical profiles of the two measurement flights with ID 41 (Figure 12A) and ID 42 (Figure 12B), which were performed with ALADINA at 07:43–07:49 UTC and at 08:31–08:36 UTC. To consider the departing time of aircraft, an angle of climbing with 10° was assumed. The black dashed line represents the actual takeoff of the aircraft, assuming that the aircraft reaches an altitude of 700 m a.g.l. With a departure speed of 150 kts (approx. 280 km h−1). The gray dots indicate the time when the aircraft’s emissions may have reached the measurement site of ALADINA. Another requirement is taking into account that the takeoff point is approximately 6.3 km away from the measurement site of ALADINA, so that at each altitude step, the same horizontal distance is added. It is important to note that other takeoffs belong to the shown time range as well, but they are excluded in this graph. The reason for this is that their potential emissions do not intersect the displayed vertical profiles of ALADINA, as they do not fullfil the mentioned requirements. Both vertical profiles of TNC exceed the maximum of 3.5 × 104 cm−3 at an altitude below 100 m a.g.l. and decrease with growing altitude. The calculated emissions cross the two profiles at different altitudes, between ground and the lowermost 100 m a.g.l. (see Figure 12A), as well as at 300 m a.g.l., by considering the profile shown in Figure 12B. For the first case, it cannot be ruled out that car traffic from the motorway is the dominant source for the appearance of the enhanced concentrations, as they are limited in the vertical scale. However, during the second case, the time series coincides with the backwards estimated departing time of a Boeing 737–800, which is heading toward Palma de Mallorca (PMI).
[image: Figure 12]FIGURE 12 | Time series of vertical profiles of the estimated emissions which were transported to the investigation site (gray circle), as well as profiles of TNC (the same as in Figure 11A), measured with ALADINA during Flight ID 41 (A) and Flight ID 42 (B). The emission source was assigned to takeoff of an aircraft, the corresponding departing time is shown as a dashed black line.
4 DISCUSSION
The findings of the drone investigation address different aspects, which are recapped in relation to main topics and discussed in the following.
4.1 Comparing UAV wind observations with continuously measured surface data
By considering the surface wind direction derived from the two ground-based stations deployed at BER (FBB-1) and located further away at BDF (FBB-2) and in comparison with the ALADINA wind direction, the data is in good agreement. Lower data availability exists regarding the drone measurements near ground. This can be explained by the fact that the safety altitude for research flights is 100 m a.g.l., so that measurements at lower altitudes are considered only twice during one research flight, involving takeoff and landing. Thus, surface wind data measured with ALADINA is available to a lower degree of 24% in comparison with the results of the horizontal wind displayed for the altitude of 100–750 m. Further, the wind direction was measured at different locations, so that the minor deviation of wind direction between the two surface measurements, as well by a comparison with ALADINA, is justified due the fact of different surroundings at the surface that imply a variability in roughness properties.
4.2 Inversion layer enhances level of pollution
The vertical profiles of the median estimated meteorological parameters show that ABL properties strongly influence the vertical distribution of aerosols. This is markedly visible for Sector I, when TNC, UFP, N300−500 and eBC show highest concentrations below the inversion layer, as mixing is suppressed in the vertical. As known so far, ABL plays a crucial role in the formation of air pollution, for instance it favors conditions of phenomena like smog due to a higher potential of accumulation of the aerosol population (Petaja et al., 2016; Li et al., 2017), which is also shown here. At this point, it is important to note that a clear difference of daytime existed between the drone measurement flights that are separated into the three main surface wind sectors (see Table 2). This further allows to study the significance of the stratification of the ABL on the vertical distribution of aerosol particles. The aerosols are well-mixed during noon, mainly present for Sector III and are confined in specific altitudes with regard to inversion layers that are apparent during morning hours, here relevant for Sector I and main parts assigned to Sector II, thus favoring conditions for an increased degree of air pollution.
4.3 Role of emission sources on the appearance of UFP, accumulation mode and eBC
Principally, UFP decrease with increasing altitude and the UFP follow a similar vertical distribution as larger particles that are considered in the TNC data. Interestingly, the highest fraction of UFP/TNC is apparent for Sector I close to ground and peaks at an altitude of 500 m a.g.l. and above 650 m a.g.l. as well. The vertical distribution of UFP and TNC is characterized by a high variability, and this altitude region is influenced by a rotation of the median wind direction, indicating air masses coming from BER. The high appearance of UFP at ground is linked to car traffic, as UFP are a major source emitted from the exhaust of vehicles (Zhu et al., 2002; Ronkko et al., 2017). Although UFP do not stand out in PM with a proportion of 1–20% in relation to accumulation and coarse mode, they account for 80–90% of PN, as measured near a busy highway (e.g., Virtanen et al., 2006). Further, Shi et al. (1999) showed that traffic is the main source in an urban environment, and more than half of the measured particles belong to sizes smaller than 30 nm. According to the vertical profiles, UFP was observed to a lower extent of TNC for Sector II and for Sector III, but show a high vertical variability. By considering measurements in the lowermost 200 m, UFP are dominated by sources coming from car traffic. A clear difference between the BER plume and background site is not indicated.
Increased concentrations of the median calculated N300−500 and eBC are present for Sector I and Sector II at lower altitudes, but most pronounced for Sector I in the lowermost 300 m a.g.l. The median concentration of accumulation mode particles is higher by a factor of three in comparison with observations close to ground for Sector II and Sector III. One explanation for this may relate to aging of the pre-population, and as a dominant inversion layer is present during this case, particles’ growth might have been favored as well as a high potential for coagulation of aerosols with others. However, a possibly additional source for accumulation mode particles cannot be excluded at the ALADINA site. The increased emissions may have been transported from an area that is composed of a higher part of a rural land compared to the two other sectors that are more characterized by infrastructure, as the size distribution encompasses a broader size range. In consequence, a clear identification of sources for enhanced accumulation mode and increased eBC is not possible. Nevertheless, a significant effect of higher emissions from ground is visible in the first place that is associated with car traffic and to a smaller degree by air pollutants from Sector II.
A detailed comparison with other results is limited to ground observations. Nevertheless, the main results of the observations are in agreement with other mobile measurements that were carried out near ground, for instance like shown in Austin et al. (2021). In this study, the highest UFP concentrations were associated with a major roadway and no clear difference of the measured PN of UFP was identified between emissions linked to roadway or airport. However, emissions coming from roadway traffic were characterized by larger UFP sizes and higher concentrations of BC.
4.4 Limitations and assessments regarding the observations
As the ALADINA measurements period fell within the COVID-19 pandemic, the measured airport pollutants are most probably underestimated in comparison with periods of more frequent flight operations, which is the case apart from the limitations that were imposed in consequence of the specific pandemic regulations at BER. By considering the study of Fritz et al. (2022), TNC was measured at the Berlin-Tegel Airport (TXL), which was, however, closed in 2021. Two different measurement periods during the active phase and after closure allow a direct comparison and the results imply that 3 times lower TNC concentrations occurred after shut down. Mueller et al. (2022) showed that during the start of the pandemic, flight activity was reduced to an average of 48% and road traffic declined to 39% at BOS.
Besides a very likely underestimation of emitted pollutants during the ULTRAFLEB project due to COVID-19 reductions, a depletion of emissions is associated with the distance of the ALADINA investigation area to BER, which is around 4 km away from the center point of the runway. Gerling and Weber (2023) concluded an exponential decrease of TNC with growing distance to BER but hypothesized a domination of TNC associated to airport emissions within a horizontal range of 5 km so that the ALADINA investigation site is influenced by the plume but on minor degree in comparison with the ground station at BER (FBB-1). Further, the drone observations consider solely non-VOCs so that gas phase constitutes are of special relevance for considering the whole picture of an airport plume. Lorentz et al. (2019) investigated airport pollutants by using models of different spatial scales applied for the largest airport in Germany Frankfurt/Main (FRA). The main engines of aircraft were identified as the dominant source of the airport emissions, namely, responsible for 90% of the non-volatile components, and a strong dependence of the emissions on distance was verified by annual mean data. For instance, less than 10% of the total UFP were modelled at a distance of 2.5 km north of FRA, so that residences in the proximity should not be affected by the highest concentrations emitted from airports, but are nevertheless concerned about airport pollution emissions.
At this point, it is also important to discuss that a distinct classification of the particles’ population is not feasible by the used instrumentation, as the measured TNC covers a size range between 5 nm and 1 μm, and UFP are considered for the small size of 5–11 nm. This implies that it is currently not possible to give a reliable statement regarding the main contributor of airport pollutants, which most likely fall into a size of UFP in larger size than 11 nm. However, the study of Stacey et al. (2023) showed the highest concentrations of UFP for a size of 10 nm (mobility diameter) during departures and arrivals. This leads to the hypothesis that UFP in the very small size, as measured here, are of major relevance for airport pollutant assessments.
5 CONCLUSION
In contrast to other studies that have been published so far, this is the first investigation which addresses vertical profiles of airport pollutants mainly in terms of TNC, UFP and eBC, which were measured with the fixed-wing drone called ALADINA at a close distance to a runway in use. In total, 140 vertical profiles were obtained with a distance of around 4 km downwind of BER in the lowermost 750 m during the ULTRAFLEB project in October 2021. The vertical profiles were clustered according to three different surface wind regimes that represent distinguish constituents of possible pollutants, covering road traffic, airport pollutants via the BER plume and background conditions. The results of the ALADINA investigation point out that all studied vertical profiles of aerosols in different sizes are affected by the ABL stability.
The study shows that significant gradients of UFP coincide with altitude regimes where the meteorological parameters are affected by inversion layers. Further, the vertical profiles of UFP indicate that the ambient aerosol population consists to a high degree of particles in this very small size of 5–11 nm. However, those UFP occur with a high variability (3–35%) and appeared most pronounced when influenced by the road traffic sector. In addition, highest concentrations of accumulation mode (N300−500) and eBC are linked to this Sector I as well, hypothesizing that road traffic is the dominant source for air pollutants.
Nevertheless, highest TNC appear close to ground, confined by a stably stratified ABL that was most pronounced during the observations attributed to Sector II (BER plume). Therefore, it can be concluded that highest TNC are linked to sources from the southern runway at BER, thus are confined within the plume. The comparison of vertical profiles with surface measured TNC data demonstrates several characteristics. First, the degree of exposure at BER depends on the horizontal distance of the measurement site. Second, the most important target is assessing data in the plume. Third, the highest pollutants are attributed to rush hours and are confided in the vertical by the prevailing ABL properties. This relation is obvious by comparison of the vertical distribution of TNC with the vertical profiles of wind speed. In the morning hours, when TNC reaches highest values, the wind speed is low below the height of 100 m a.g.l., so that horizontal transport is limited, which further favors the increase of exposure due to a high possibility of accumulation of the pre-population. During midday, when the inversion layer is generally lifted to higher altitudes, TNC is spread over the whole ABL which goes along with a decrease of the total maximum concentrations.
There is a lot more to discover by considering a possible emission of aircraft during landing and takeoff in the spatial distribution. The investigations of the case study shown here suggest that airport pollutants can be transported in the horizontal scale further distances away. Depending on the current wind direction, a transport of aircraft pollutants is likely up to a distance of around 6 km, or even more. This was shown by cross-referencing an approaching time slot with the ALADINA measurement site. During the whole investigation period, there was no aircraft in operation of a larger size than an Airbus A320, so that this effect might play a more pronounced role at airports where flight operations are carried out with larger aircraft.
Based on the drone investigations shown here, a unique investigation of the small-scale vertical variability of TNC, UFP and eBC is derived which allows to better understand dynamic processes of airport pollutants and the results should be validated with dispersion models to complete the role of airport pollutants in the spatial scale.
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