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Abstract

:

Air quality investigations at airports have shown that aircrafts cause a significant increase in air pollution at and around the vicinity of the airport, which can cause adverse effects on human health. The objective of this research was to investigate the aircraft-sourced pollutant levels at the Stuttgart airport and in the surrounding areas during and after COVID-19 lockdown measures. Three phases of stationary measurements of ultrafine particles (UFP), particulate matter (PM), black carbon (BC), CO2, O3, NO, and NO2 were made at various points on the east and west sides of the airport in the extension of the airport runway. In first phase of measurement, the airport was closed for construction, and no air traffic took place. In the second phase, the airport was reopened with limited operation due to a lockdown period at the beginning of the COVID-19 pandemic. Finally, in the third phase, measurements were performed during the peak summer holiday travel season to measure the air quality during maximum air traffic, after the end of the first lockdown period. While there were fewer notable changes in the BC concentrations, coarse PM fractions, and gases across the three phases, there were significant increases in the UFP concentrations from aircraft emissions. Throughout the three phases, the peak particle concentration decreased from between 27 and 86 nm in phase 1. to between 27 and 35 nm in phase 2, to finally 11 nm in phase 3 on all days in which the aircraft plumes were measured. During flight arrivals, definite increases in UFP particle number concentration (PNC) were observed, with the majority of the particles being in the 10 nm size class. These results were measured repeatedly on both sides of the airport in the direct prolongation of the runway and even at distances of up to 3 km away in nearby neighbouring communities. While the overall PM and UFP levels are affected by vehicular traffic, the freeway measurements showed particles from aircrafts and vehicles are distinguishable using the parameters PNC and Dp. The BC concentrations were rarely influenced by aircraft activity, while only some NO and NO2 peaks were measured depending on the consistency of the wind.
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1. Introduction


Aviation is a modern luxury that has made the world a smaller place by affording many the ability to arrive at a destination quicker than ever before. In 2019, the number of scheduled passengers had risen 4.2% from the previous year to 4.54 billion [1]. This increase can be attributed to affordable ticket prices, prospering societies [2], customer rewards programs, and marketing campaigns depicting jet-setting as the norm [3] even though only up to 10% of the global population flies each year [4]. However, increasing amounts of research studies and public awareness have fuelled the discussion as to whether the freedom and convenience aviation provides can be negated by the challenges it causes. The contribution of air traffic to the entire ambient air pollution around airports is not negligible, which has been shown by previous airport emission studies around the world [5,6,7,8]. In addition to CO2, aircrafts discharge NOX, SOX, CO, soot, particulate matter (PM), and ultrafine particles (UFP) [9]. When released at higher altitudes, it has been reported that these emissions persist longer and have a greater global warming potential [10].



A second and equally important concern is the impact of PM and UFP emissions on human health. When PM10 and PM2.5 are inhaled, they can be deposited in the upper and deeper regions of the lungs, causing a variety of health effects ranging from inflammation, reduced lung function, worsening of prediagnosed respiratory diseases, and even premature mortality [11,12,13,14] depending on the degree and duration of exposure. Additionally, the extremely small size of UFPs allows them to penetrate the lungs, enter the blood stream, and translocate to other parts of the body [7,15,16].



The measurements of elevated UFP levels in several airports, which took place at Los Angeles International Airport [5,6], Amsterdam Airport Schiphol [7], and Düsseldorf International Airport [8], provide reason to hypothesize that aircraft movements at the Stuttgart airport would also have a significant impact on the concentration level of UFPs, as well as other air pollutants, at and within the vicinity of the airport. However, there are no current research studies available to verify this hypothesis. Since the measurement results cannot be directly applied from one city to another due to differences in airport operation, topography, and meteorological conditions, each location must be evaluated independently. Therefore, it is important to investigate the impact of airplane emissions on the local air quality around the Stuttgart airport.



The Stuttgart airport is the sixth largest airport in Germany and had over 12.7 million passengers in 2019, an increase of 10% compared to the number in 2018 [17]. The airport has one runway which extends in the southwest and northeast directions and is approximately 3300 m long. The direction of landings and departures varies depending on the wind direction which changes frequently due to a combination of topography and wind patterns in the Stuttgart region, whereas the average wind rose for the airport area shows a strong component of westerly and south-westerly as well as easterly wind directions [18]. The airport’s surroundings are composed of communities and agricultural areas. There have been no previous studies specifically measuring emissions at the Stuttgart airport. The State Institute for the Environment in Baden-Württemberg (LUBW) monitors the air pollution of NO, NO2, O3, PM10, and PM2.5 at the closest air-quality monitoring station 1.3 km south of the Stuttgart airport. Ultrafine particles are not monitored by this air-quality monitoring station.



The objectives of this research were to investigate the contribution of airplane engine emissions on the local air quality around Stuttgart airport, during and after the COVID-19 lockdown measures, to assess the horizontal and temporal distribution of aircraft pollutants around the airport, and to compare the particle size distributions of UFPs emitted from airplanes to those of nearby road traffic. The dataset reported in this manuscript will be useful to understand the pollutant characteristics near the Stuttgart airport area. It should also provide an insight to set certain measures to improve the air quality in the study area in order to avoid adverse health effects for the people living in the near vicinity.




2. Methodology


Stationary measurements were performed during three phases so different air quality profiles could be compared. The first phase was in mid-April 2020 when maintenance work combined with the first lockdown due to COVID-19 pandemic led to the airport being completely closed for several weeks. After reopening, a second phase of measurements was conducted in June 2020 while the air traffic was still reduced. Finally, the third phase was conducted from mid-August to mid-September 2020 when flights had increased due to the summer holiday season, even though it was still reduced in comparison to the season in previous years. The air pollutant levels from these phases were then evaluated to determine the degree of exposure at the airport fence and within the vicinity.



2.1. Measurement Phases


2.1.1. Phase 1—No Flight Operation


Baseline measurements were taken for one week in April 2020 when no flight operations were taking place at the Stuttgart Airport due to the airport being closed for construction on the runway [19]. Eight consecutive days of measurement took place which included seven days of campaign measurements and one day of quality assurance (QA) measurements. All measurements were made for several hours in the afternoon between 13:00 and 18:00 CEST and only occurred on the west side of the airport since there were easterly winds throughout phase 1. Because a fire took place 370 km north of Stuttgart [20] on days five to seven, causing unusually high PM and UFP concentrations, only the results from days one to four were of primary interest.



An overview of the measurement locations during all the measurement phases is shown in Figure 1. Stationary measurements were mainly conducted at two locations west of the Stuttgart airport. Point 1’s location was in a field 1.85 km from the start of the runway in the south-westerly direction, and point 2a’s location was near the airport fence 950 m away from the start of the runway, also in the south-westerly direction. Points 1 on the one side and 2a on the other side are separated by the B27 highway, but due to the COVID-19 pandemic and many people working from home, traffic in mid-April 2020 was lighter than normal and was not expected to have a considerable influence on the baseline measurements. In addition, parallel measurements with a UFP counter device at a second location were also performed.




2.1.2. Phase 2—Partial Flight Operation


Three days (days eight to ten) were measured during phase 2 in June 2020 when some air traffic occurred. Consecutive measurements were only possible on days nine and ten due to unsuitable weather conditions.



Point 2 on the west side of the airport was measured instead of point 2a since it is in the extension of the runway, directly under the flight path. On days nine and ten, points 3, 4a, and 4b on the east side of the airport were measured due to westerly winds being forecasted. Point 3 was about 400 m from the start of the runway, and there is approximately a 2.5 km distance between point 3 and points 4a and 4b.




2.1.3. Phase 3—Full Flight Operation


The last phase of measurements was conducted from mid-August 2020 to mid-September 2020 to capture flights during the peak summer travel season. Only two to three days were measured each week due to unsuitable weather conditions. There were primarily westerly winds, so eight of the ten days of measurement were made on the east side of the airport with the remaining two days were on the west side of the airport.



Several additional measurement points were added to evaluate the pollutant levels at further distances away. Point 1+ was added to the measurements on the west side of the airport which was 300 m further than point 1 and lies on the border of a community. On the east side of the airport, point 4c was added as an adjustment to 4b, which was slightly upwind of the flight landing path. In addition, point 4c+ was also measured, which is an additional 315 m further than point 4c.



Table 1 shows the information regarding the measurement days and location for all three phases during the measurement campaign. The starting time for the measurement is also mentioned in this table.





2.2. Flight Operation


There were no flight operations during phase 1 of the measurement campaign. During phase 2 in June 2020, the number of flights during the measurement time per day ranged from nine to thirty, and there was an average of six arrivals per hour, which is low compared to that before the pandemic, twelve arrivals per hour. The third phase of measurements took place from mid-August to mid-September 2020, in which there was more air traffic. The average was 64 arrivals per day, still much lower than the number before the COVID-19 pandemic, which was 200 arrivals per day (Figure 2).



To compensate for the reduced number of flights, measurements were conducted during peak flight hours to simulate air quality conditions as close as possible to those before the COVID-19 pandemic. During these times the arrivals per hour (10 flights per hour) were much closer to those before the pandemic (12 flights per hour) as shown in Figure 3.




2.3. Setup and Protocol


During the measurements conducted in phase 1, devices measuring UFP and PM concentration and size distributions, black carbon (BC), and meteorological conditions were employed. The majority of the devices were set on the roof of the measurement car at a height of around 2.5 m above the ground for the duration of the measurements and were positioned toward the wind’s direction at the start of the measurements. In addition, the meteorological device was set up approximately 3 m away, as shown in Figure 4.



During phases 2 and 3, the setup was similar to that conducted in phase 1, with the devices placed on top of the measurement car. However, during phase 2, the O3, CO2, and NO2 measurement devices were added and used throughout the rest of the campaign.



The measurement protocol included noting the times when aircrafts flew overhead and the general size of the aircraft (e.g., commercial size, personal plane, etc.). In addition, possible influences from other sources (e.g., cars, tractors, etc.) were also recorded, so that these influences could be distinguished from those sourced from aircrafts.




2.4. Measurement Devices


A variety of instruments were used in this study and covered a size range from ultrafine particles to coarse particle sizes, as well as particle distribution. Several gases were also measured, as well as the wind speed and direction. A precondition was that all instruments could be operated by batteries or accumulators as a permanent power supply was not available.



2.4.1. Particle Counters


Six particle counter models were used in this study. Two models utilized a condensation particle counter (CPC). One was the SMPS + CPC NanoScan 3910 (TSI), which measures the number concentration of UFPs and size distribution. The other device was CPC Model 3007 (TSI). Both measure the number concentration of UFPs by first growing them by condensation in the CPC condenser and then counting them using a laser; however, the SMPS has a particle size separator prior to the CPC [21,22]. Three optical particle counter (OPC) models were used, namely the Fidas Frog (Palas), the OPS 3330 (TSI), and the Model 1.108 (Grimm). All three utilized the light scattering principle and measured both fine- to coarse-size particles and size distribution [23,24,25]. Two diffusion charger DiSCmini (Testo) devices were used to measure the particle number concentration of UFPs. The device charges the particles and when discharging them, measures the number concentration [26]. The two DC DiSCmini (testo) devices were used in making parallel measurements at two sites at the same time.




2.4.2. Aethalometers


Two models of BC aethalometers, the AE51 (AethLabs, San Francisco, CA, USA) and the MA200 (AethLabs), were used to measure BC concentrations. The aethalometers work on the principle of light attenuation, in which the particles are collected on a filter while light is transmitted through it, and then the absorbance is measured and converted to concentration [27,28].




2.4.3. Gas Measurement Devices


Three gas monitors were used to measure CO2, NOX, and O3. The CO2 (LI-COR) monitor took measurements via IR absorption [29]. The NOX and O3 (2B Technologies) also took measurements via absorption but with different wavelengths of light (405 nm and 254 nm, respectively). [30,31].




2.4.4. Meteorological Devices


A compact weather station, the MaxiMet GMX501 (Gill Instruments, Lymington, UK), was used to measure the wind speed and direction [32].



A summary of the devices used can be found in Table 2.






3. Results and Discussion


3.1. Particle Size Distribution (PSD)


In phase 1, the particle concentration remained below 10,000 particles/cm3 on days 1 to 4. Days 1, 2, and 3 (Figure 5a–c) showed a higher number of UFPs, which decreased on day 4. The values on day 4 (Figure 5d,e), a Sunday, being significantly lower, could be due to there being fewer influences nearby. Another reason could be due to reduced road traffic, which could also explain why the maximum for the larger particles was on day 4 (86 nm).



Beginning in phase 2, a higher number of particles in smaller size classes was observed compared to that in phase 1. On day 9, in which most flight arrivals occurred in phase 2, the maximum number of particles occurred in size classes smaller than 36 nm and there was an increase in the particle number concentration (PNC) to about 12,000 particles/cm3, as shown in Figure 6a. On day 10, the same location was measured, but the number of flights per hour decreased from ten to four. The overall PNC was lower at just over 8000 particles/cm3, but the peak particle concentration occurred at 27 nm (Figure 6b). The lower peak particle size, compared to that in phase 1, could be caused by the aircrafts influencing the concentrations on the ground, but not very much, due to the few numbers of aircrafts starting and landing in phase 2.



In phase 3, the daily average PSD can be characterized by the peak particle size. Figure 7a–d shows the daily average PSD on days 11, 12, 13, and 14, respectively. On all days when the flight arrivals were measured, the highest particle concentration levels were in the lowest size class of 10 nm, which is the smallest particle size measured by the device. On day 12 (Figure 7b), there were rain prior to the measurements and the particle concentration was relatively low compared to that of the day before. However, the general shape of the size distribution remained the same with the highest number of particles being in the 10 nm size class. A similar trend for the PSD was seen on days 13 and 14, as shown in Figure 7c,d, respectively. However, the number of particles per cm3 was higher for the 10 nm size class on these days.



On day 15, the arrivals first of all flew over point 3, as on the previous days. However, the flight path changed mid-morning due to the changing wind direction, and the departures began taking off over point 3. The highest particle number concentration was initially at 10 nm when the arrivals were measured (Figure 8a) but then shifted to 48 nm when the departures were measured (Figure 8b). During the departures, the aircrafts gained altitude at a quick rate which was assumed to be too high to measure by the time they flew over point 3.



The measurement location was then moved to point 1 on the west side of the airport to continue measuring the arrivals and the same pattern was seen again. Only three arrivals were measured at this location before the flight path direction changed again. During the arrival measurements, the PSD at point 1 (Figure 9a) showed a higher number of particles in the 10 nm size class but with a lower PNC due to the planes being at a higher altitude when at a further distance (1.8 km) from the runway. For the departure measurements, the maximum of the particle number concentration was observed at 48 nm as shown in Figure 9b.



These results show that air traffic does contribute to an increase in UFPs even when there are as few as three planes arriving overhead. Thus, it can be expected that the number of particles in the 10 nm size class would be significantly higher during non-COVID19-pandemic conditions.



3.1.1. Particle Number Concentrations


In phase 1, there was little change and variation in the particle counts on days 1 to 3. On day 4, there was a drop in the PNC and an increase in average particle size which could have been due to reduced emissions on Sundays. The higher variation at point 3 could have resulted from airport construction taking place nearby. During this phase, the PNC was less than 10,000 particles/cm3 and the particle diameter (Dp) was larger than 44 nm. In Figure 10, the PNC results for the phase 1 measurements are shown with the average Dp. All measurements depicted in Figure 10, Figure 11, Figure 12, Figure 13, Figure 14, Figure 15 and Figure 16 were performed by diffusion chargers (Model Discmini from Testo company). The particle number concentration, PNC, is measured in the range from 10 to 700 nm, and the average diameter, Dp, is calculated for the size range from 10 to 300 nm (see Table 2).



In phase 2 on day 8, there was a series of four departures within 11 min. Peaks were clearly seen at point 2 with residual levels also visible at point 1. With the increase in the PNC, there was a subsequent decrease in the Dp. Simultaneous UFP measurements on day 8 at point 2 and point 1 are shown in Figure 11a,b, respectively. While this is above the typical 20 nm diameter said to be from planes, one study suggested that when the aircraft is operating at more than 70% power, the maximum PNC can be found at around 40 nm [33], which is in accordance with the measured values. In addition, the particles agglomerate and grow after being emitted which could also explain the greater particle size. Another possibility could be that the emissions from the aircrafts are mixed well with other air masses and therefore the Dp decreases while the PNC increases, but not as much compared to days with more aircraft traffic.



None of the other four flights that occurred on this day were detected at either location. This highlights the importance of consistent wind directions and good atmospheric mixing when measuring aircraft plumes using stationary measurements on the ground.



On day 9, there were 30 arrivals during the measurement which took place at point 3 on the east side of the airport. Figure 12a shows that seven of the flights were measured by the devices, two of which were measured at point 4b two kilometres away (Figure 12b).



In phase 3, more PNC peaks and higher concentrations were measured than in phase 2. The peaks from aircrafts are distinguishable by the simultaneous decrease in Dp to the 10 to 20 nm size range.



On day 12, the concentrations increased to more than 400,000 particles/cm3. The results for the PNC and Dp for this day are shown in Figure 13. All the peaks measured were attributed to large aircrafts, except one at 14:20 CEST, which was from a medium-sized aircraft. This peak in the concentration did not have the same sharp decrease in Dp and could be due to either fewer overall emissions from a smaller aircraft or larger planes flying much lower over point 3, since a longer runway is needed for landing.



The same trend can also be seen on day 14. The PNC and Dp results for day 14 are presented in Figure 14. The weather was clear before the measurements and there were low wind speeds. Without the effect of the rain, nearly all the PNCs from the planes corresponded to the Dp between 10 and 20 nm.




3.1.2. Parallel Measurements


Parallel measurements were conducted on eight of the ten measurement days at a second location along the flight landing path. Depending on the wind direction, slight adjustments were made to the measurement location (e.g., point 4c was added). Furthermore, measurements were made an additional 300 m away (points 1+ and 4c+) to see if the pollutant concentration levels could still be measured.



The results of the PNC and Dp measurements made in parallel at points 1 and 2 are shown in Figure 15. The similar peaks show that the UFP concentrations measured directly at the airport can also be measured nearly two kilometres away. There was a one-to-two-minute lag time between when the planes flew overhead and when the particles were measured at the location further from the airport due to the aircrafts being at a higher altitude when further away. Additionally, not all the same PNC peaks were measured at both locations due to dispersion from changing wind directions. After 12:20 CEST, the point 1 measurement location was moved to point 1+, which is 300 m further away and at the border of a residential area. Elevated UFP concentration levels could still be measured there, i.e., 2.1 km away from the runway.



The same trends were seen on day 20 (Figure 16) when the east side of the airport was measured. However, the PNC peaks were higher at point 3 than at point 2 which could be due to the fact that point 3 was closer to the runway and thus the planes were at a lower altitude. In turn, the levels were lower at point 4c than at point 2, as point 4c is located at a greater distance away (2.7 km). At 13:20 CEST, the measurement location was changed to point 4c+, which is 300 m further than point 4c, but no distinct UFP concentration peaks were measured there (not shown in diagrams).



While not all the peaks were measured at both locations, it may be of even of greater importance to observe that similar concentration levels were still detectable at ground level.




3.1.3. Particle Mass Concentrations


All results presented in this subchapter were measured with OPCs, measuring the fine dust fractions in the size range from 0.3 to 20 µm. In phase 1, all PM fractions (PM1, PM2.5, PM10) showed higher concentrations on days 2 and 3 (D2 and D3) when there were lower wind speeds from the north and north-eastern directions. They then decreased on day 4 due to lower emissions occurring generally on a Sunday. Due to device issues, no data were recorded on day 1. The mass concentration results of PM1, PM2.5, and PM10 for phase 1 measurements (day 1 to day 4) are shown in Figure 17a–c, respectively.



In phase 2, there were frequent periods of rain which could explain why the baseline concentrations were lower than those during phase 1. On day 9, 30 flights were measured at point 3 with most of the peaks measured being PM10. The additional peaks from PM10 not linked to a flight time could be due to agriculture activity in the surrounding area or particles left over from the construction which occurred a few days prior. Figure 18a–c shows the results of PM1, PM2.5, and PM10 mass concentrations, respectively, for day 9 of the measurement campaign.



In phase 3, the PM mass concentrations were moderately higher than those in phase 2. The PM1, PM2.5, and PM10 mass concentration results from one of the phase 3 days, i.e., day 14 at point 3 are shown in Figure 19a–c, respectively. It can be seen that the baseline PM concentration was higher on day 14 as compared to that on day 9. However, the peak concentrations caused by the flights were relatively similar for both days. The missing data in Figure 19 were due to battery issues with the device.




3.1.4. Black Carbon


In phase 1, the BC levels (Figure 20a) remained low with the median concentration below 1 μg/m3 on all days. Since the actual BC concentrations with this measurement device are most closely represented when the recorded values are averaged, it was of interest to analyse the data every minute, so no further averaging was performed to smooth the concentration values. In phase 2, no major peaks were measured, and the BC values were similar to those from the baseline measurements with little variation (Figure 20b). These results are consistent with other studies that also measured a minimal influence from air traffic [6,7].



In phase 3, three BC peaks resulted from strings of three to five large commercial aircrafts landings within two minutes. At the same time, a strong smell of kerosene was noted when the BC peaks occurred. The peaks could have been from high concentrations of emissions being released in a short amount of time or from other activity taking place at the airport (BC emissions from diesel-driven electric generators while refuelling aircrafts). The BC concentrations for day 11 and day 13 at point 3 are shown in Figure 21a,b, respectively.




3.1.5. Nitrogen Oxides (NO and NO2)


The NOx monitor was introduced in phase 2 starting on day 9 (Figure 22a) with five peaks being measured from the aircrafts. The inconsistent wind direction on day 10 (Figure 22b) likely negatively affected the NO2 measured and no significant peaks were observed on that day.



During phase 3, the NO and NO2 peaks from aircrafts on nine of the ten days could be measured. The levels were similar to those in phase 2 and in only two instances were the concentrations above 120 ppb; all other peaks caused by aircrafts were quite moderate. Figure 23a shows that on day 14, there were NO and NO2 peaks throughout the duration of the measurement, while on day 18 (Figure 23b), they were only captured towards the end of the measurement period due to the inconsistent wind direction.





3.2. Other Sources


This section will discuss measurements from other air pollutant sources, including vehicles on the nearby highway and tractors passing close to the measurement sites.



3.2.1. Freeway Measurements


Highway measurements were conducted to assess the degree of influence on the campaign measurements. For these measurements, the following instruments were in operation: OPC Model 1.108 (Grimm), DC DiSCmini (testo), and a combination of SMPS Nanoscan and OPS 3330 (TSI) devices.



Measurements were made for an hour and a half just west of a bridge that crosses over the B27 highway 1.5 km away from the runway, as shown in Figure 24.



Figure 25a shows the PNC and Dp measured on the bridge over the federal highway B27 while Figure 25b shows the PSD at the same location. Several PNC peaks were measured but the peaks from planes were distinguishable by the corresponding decrease in the Dp to 10 nm (the minimum possible particle size that can be measured by the instrument). Other peaks corresponded to vehicles passing within a close proximity, but the Dp remained above 15 nm. After 13:50 CEST, no more flights arrived, and the PNC decreased and the Dp increased. The PSD peak was 15 nm (Figure 25b), which is greater than those on all airport measurement days in phase 3. This supports the results from Figure 25a which shows that the Dp from passing vehicles is above 15 nm. While other previous studies have stated that the Dp from traffic should be larger than 20 nm [8,33,34], the results were likely influenced by the nearby airport. It would be beneficial to measure a highway some kilometres away from the airport.



The freeway results for PM concentration showed no significant peaks measured corresponding to planes or other sources as presented in Figure 26. After 13:50 CEST, when no further arrivals occurred, there was a slight overall decrease in all PM fractions, i.e., PM1, PM2.5, and PM10.




3.2.2. Tractors


During phase 3 in particular, tractors commonly passed by during measurements. This sometimes resulted in an elevated PNC peak, but the Dp measured was larger than that from aircrafts. On days 11 and 20, as shown in Figure 27a,b, respectively, the Dp from tractors ranged from 20 to 40 nm. The PNC peaks from the majority of the tractors were far less than those from planes and often were too small to be seen on the graphs.



The remainder of the tractor PNC and Dp peaks from phase 3 can be seen in Figure 28. While some peaks were elevated, the majority were under 100,000 particles/cm3 with the Dp levels ranging between 20 to 50 nm. Both factors differentiate the influence from aircrafts and tractors.



For PM1, PM2.5, and PM10, the majority of the peak concentrations were due to passing tractors (Figure 29). Thus, the PM from tractors consists mainly of the coarser particle fractions.





3.3. Quality Assurance


Quality assurance (QA) measurements were made to ensure the correctness of the measurement results obtained from the instruments. For the two DC DiSCmini (testo) devices in particular, a correction function was to be applied so that the simultaneous measurement results could be compared directly. In addition, correction equations were also determined between the devices and their redundancies to see if the results could be related.



3.3.1. UFP from DC DiSCmini (Testo)


Figure 30 shows the raw data results from the two DC DiSCmini (testo) devices. The two devices are titled “DC#1” and “DC#2”. The raw data from both these devices showed the same trend; however, there was an offset between them that needed to be rectified using a correction equation. The correction equation was determined by making an xy plot between the two devices. The R2 value for these data was around 0.99, which indicated that the two datasets have a high correlation. After applying the correction equation, the corrected data from the DC#2 device were comparable to those of the DC#1 device. Figure 30 shows the corrected DC#2 results graphed together with the original DC#1 results. The graph shows that the data from both devices match closely and the results from the different locations can be compared.




3.3.2. PM from OPC Model 1.108 (Grimm) and OPC Frog (Palas)


The OPC Model 1.108 (Grimm) was used starting on day 2 and it was designated as the primary device. It was expected that the measurement data from these devices should correlate since they employ the same measurement principle. However, it was observed that a data correction was needed for these devices. Hence, the same correction process was applied to the OPC#2 (Palas) data as was performed for the DC device. In Figure 31a,b, the QA plots from the OPC Model 1.108 (Grimm) and the OPC Frog (Palas) devices are shown for PM1 and PM2.5, respectively.




3.3.3. BC Aethalometers from AethLabs


Two AethLabs aethalometer models, MA200 and AE51, were used to measure the BC. The devices have a high correlation, which was expected since they are from the same manufacturer. The correlation of both these devices are shown in Figure 32 as xy plot. The correction equation was used for data correction as it had been performed previously with other devices. The corrected data from both of the devices corresponded significantly.






4. Conclusions and Outlook


Over the course of the three measurement phases, the most notable changes were seen with the UFPs. During phase 1, the particle size ranged between 38 and 65 nm, and the PNC was <10,000 particles/cm3. When a few planes were present during phase 2, the Dp decreased to the 21 to 42 nm range and the particle concentrations ranged between 20,000 and 40,000 particles/cm3. Finally, in phase 3, the period with the most flights, the Dp decreased to the lowest size class measured by the DC DiSCmini (testo) device, ranging between 10 and 22 nm, and the PNC peaks ranged from 30,000 to over 800,000 particles/cm3. Thus, when planes were present, there was an overall increase in the UFP PNCs and a decrease in the particle diameters (Dp).



While such high UFP concentrations were expected to be measured directly at the airport, parallel measurements also showed that elevated concentrations up to 300,000 particles/cm3, with the same Dp of 10 nm, could be measured up to 2.7 kilometres away. Thus, it can be concluded that elevated UFPs are not only measurable directly at the airport but are also dispersed within the airport’s vicinity. Measurements of a nearby highway also substantiated that these UFP concentration peaks were from aircrafts and were not sourced from nearby highways as the Dp from vehicles was found to be larger than those from the aircrafts.



With regard to the coarser particle fractions, PM10 had the most significant peaks while the PM1 and PM2.5 results remained low throughout all three phases. It is also important to note that the majority of step changes in PM10 were due to tractors passing by and not aircrafts. BC was also measured and was found to be low with little variation throughout phases 1 and 2. However, during phase 3, three significant BC peaks were measured. All three were related to large aircrafts landing, followed by a strong smell of kerosene. Finally, several gas analysers were also used to measure NO2, NO, O3, and CO2 during phases 2 and 3. It was expected that the concentrations from all three devices would be higher in phase 3 than in phase 2 due to more aircrafts being present. This was observed in the case of the NO2 results, which were about three times higher during phase 3 than phase 2. The higher level of air traffic also increased the CO2 concentrations in the area surrounding the airport.



Due to the limitations of stationary measurements, it is recommended that mobile platform measurements be made to better understand the spatial distribution of aircraft plumes and also that measurements be made again after travel restrictions have ceased. A summarized conclusion for the whole measurement campaign, including all three phases, is shown in Table 3.



For future research, more measurements need to be performed in residential areas in order to find out how severely the nearby population is affected. Simultaneous measurements at the fence and at an even greater distance, e.g., 5, 10, and 15 km away can be beneficial, since the pollutant concentrations from airport emissions can be widely dispersed. Additionally, mobile measurements across the runway at different distances are needed, which could help in determining the spatial distribution of pollutants in the investigated area.
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Figure 1. An overview of the measurement locations during the campaign. 
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Figure 2. Comparison of daily arrivals to those before the COVID-19 pandemic. 
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Figure 3. Comparison of hourly arrivals to those before the COVID-19 pandemic. 
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Figure 4. Device setup during (a) phase 1 and (b) phase 2 of measurements. 
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Figure 5. PSD for (a) day 1, (b) day 2, (c) day 3, and (d,e) day 4 (phase 1). 
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Figure 6. Particle size distributions on (a) day 9 and (b) day 10 (phase 2). 
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Figure 7. Daily average PSDs on (a) day 11, (b) day 12, (c) day 13, (d) day 14 (phase 3). 
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Figure 8. PSDs on day 15 at point 3 of (a) arrivals and (b) departures. 
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Figure 9. PSD on day 15 at point 1 of (a) arrivals and (b) departures. 
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Figure 10. PNC box plot and average Dp during phase 1. 
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Figure 11. Day 8 simultaneous UFP measurements at (a) point 2 and (b) point 1. 
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Figure 12. Day 9 simultaneous UFP measurements at (a) point 3 and (b) point 4b. 
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Figure 13. Day 12 PNC and Dp results. 
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Figure 14. Day 14 PNC and Dp results. 
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Figure 15. Parallel measurements at points 1 and 2. 






Figure 15. Parallel measurements at points 1 and 2.



[image: Atmosphere 13 02062 g015]







[image: Atmosphere 13 02062 g016 550] 





Figure 16. Parallel measurements at points 3 and 4c. 
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Figure 17. Phase 1 (a) PM1, (b) PM2.5, and (c) PM10 concentrations. 
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Figure 18. Phase 2 Day 9 (a) PM1, (b) PM2.5, and (c) PM10 levels at point 3. 
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Figure 19. Phase 3 Day 14 OPC (Grimm) values for (a) PM1, (b) PM2.5, and (c) PM10 at point 3. 
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Figure 20. BC measurements during (a) phase 1 and (b) phase 2 measurements. 
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Figure 21. BC peaks on (a) day 11 and (b) day 13 at point 3. 
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Figure 22. NO2 concentration at point 3 on (a) day 9 and (b) day 10. 
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Figure 23. NO2 and NO concentrations on (a) day 14 and (b) day 18. 
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Figure 24. Highway measurement location near bridge. 
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Figure 25. Freeway measurement results for (a) UFP PNC and Dp from DC DiSCmini (testo) and (b) PSD combination. 
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Figure 26. Freeway measurement results for PM1, PM2.5, and PM10. 
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Figure 27. DC DiSCmini (testo) levels from tractors on (a) day 11 and (b) day 20. 
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Figure 28. Tractor PNCs and Dp occurrences during phase 3. 
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Figure 29. (a) PM1, (b) PM2.5, and (c) PM10 peaks from tractors. 
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Figure 30. DC#1 and corrected DC#2 graphs. 
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Figure 31. Comparison of (a) PM1 and (b) PM2.5 after applied correction. 






Figure 31. Comparison of (a) PM1 and (b) PM2.5 after applied correction.



[image: Atmosphere 13 02062 g031]







[image: Atmosphere 13 02062 g032 550] 





Figure 32. Correlation between BC aethalometers from AethLabs. 
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Table 1. Information regarding the measurement days and location for all phases.
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Date

	
Weekday

	
Measurement Day

	
Point

	
Time






	
Phase 1




	
16 April 2020

	
Thursday

	
1

	
P1

	
15:15




	
17 April 2020

	
Friday

	
2

	
P1

	
14:45




	
18 April 2020

	
Saturday

	
3

	
P1

	
14:40




	
19 April 2020

	
Sunday

	
4

	
P1

	
13:40




	
P2

	
13:05




	
20 April 2020

	
Monday

	
5

	
P1

	
13:05




	
P2

	
13:45




	
21 April 2020

	
Tuesday

	
6

	
P1

	
14:10




	
22 April 2020

	
Wednesday

	
7

	
P1

	
14:55




	
23 April 2020

	
Thursday

	
QA

	
P1

	
14:00




	
Phase 2




	
3 June 2020

	
Wednesday

	
8

	
P1

	
14:35




	
P2

	
13:00




	
18 June 2020

	
Thursday

	
9

	
P3

	
15:00




	
19 June 2020

	
Friday

	
10

	
P3

	
14:00




	
Phase 3




	
19 August 2020

	
Wednesday

	
11

	
P3

	
16:00




	
20 August 2020

	
Thursday

	
12

	
P1

	
14:45




	
P4b

	
14:00




	
21 August 2020

	
Friday

	
13

	
P3

	
16:00




	
P4b

	
16:00




	
25 August 2020

	
Tuesday

	
14

	
P3

	
16:00




	
27 August 2020

	
Thursday

	
15

	
P4b

	
14:50




	
P1

	
13:00




	
P4b

	
13:30




	
P2

	
12:50




	
3 September 2020

	
Thursday

	
16

	
P4b

	
14:50




	
P3

	
14:50




	
4 September 2020

	
Friday

	
17

	
P3

	
15:00




	
P4b/c

	
14:00




	
7 September 2020

	
Monday

	
18

	
P2

	
17:00




	
P1

	
14:30




	
8 September 2020

	
Thursday

	
19

	
P2

	
14:30




	
P1

	
14:20




	
9 September 2020

	
Wednesday

	
20

	
P3

	
14:20




	
P4c

	
14:00
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Table 2. Information regarding air pollutant and meteorological devices.
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	Parameter
	Measurement Technique and Principle
	Equipment Model
	Measurement Range
	Phase





	UFP + size distribution
	Scanning Mobility Particle Sizer (SMPS) + Condensation Particle Counter (CPC) → Particle condensation
	NanoScan 3910 (TSI)
	10–420 nm
	1, 2, 3



	UFP
	Diffusion charger (DC) × 2
	DiSCmini (testo)
	10–700 nm
	1, 2, 3



	UFP
	Condensation Particle Counter (CPC)
	Model 3007 (TSI)
	10–1000 nm
	1, 2, 3



	PM2.5, PM10 + size distribution
	Optical Particle Counter (OPC) → Light scattering
	OPS 3330 (TSI)
	0.3–10 µm
	1, 2, 3



	PM2.5, PM10 + size distribution
	Optical Particle Counter (OPC) → Light scattering
	Fidas Frog (Palas)
	0.15–18 µm
	1, 2, 3



	PM2.5, PM10 + size distribution
	Optical Particle Counter (OPC) → Light scattering
	Model 1.108 (Grimm)
	0.3–20 µm
	1, 2, 3



	BC
	Aethalometry → IR and visible light absorption
	MA200 (AethLabs)
	0–1 mg BC/m3
	1, 2, 3



	BC
	Aethalometry → IR light absorption
	AE51 (AethLabs)
	0–1 mg BC/m3
	1, 2, 3



	CO2
	IR absorption
	LI-830 (LI-COR)
	0–20,000 ppm
	2, 3



	NO2

NO
	Light absorption (405 nm)
	NO/NO2/NOX monitor 405 nm (2B technologies)
	0–10 ppm

0–2 ppm
	2, 3



	O3
	UV absorption (254 nm)
	Ozone monitor 202 (2B technologies)
	3 ppb–250 ppm
	2, 3



	Wind speed + direction
	Compact weather station
	MaxiMet GMX501 (Gill)
	-
	1, 2, 3
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Table 3. Summary of measurements across all three phases.






Table 3. Summary of measurements across all three phases.





	Characteristics
	Phase 1
	Phase 2
	Phase 3





	Number of flights
	No flight activity
	Six flights/hour on average
	Ten flights/hour on average



	Meteorological conditions
	Primarily NE direction, low wind speed, clear weather/no rain
	N and S winds, low wind speeds, rain between measurement days
	Varying wind direction, low wind speeds, rain between measurement days



	PNC
	<10,000 particles/cm3 with little variation
	Peaks ranged from 20,000 to 40,000 particles/cm3
	Peaks ranged from 30,000 to 800,000 particles/cm3



	PM
	PM1 and PM2.5 values were low. PM2.5 and PM10 under limit values
	PM1 and PM2.5 values still low. PM2.5 within limit values. Several PM10 peaks > 50 µg/m3 from flights
	PM concentrations slightly higher than Phase 2. PM2.5 within limit values. Several PM10 peaks > 50 µg/m3 from flights



	Dp, second percentile
	38 to 65 nm
	21 to 42 nm
	10 to 22 nm



	PSD peak
	Between 27 nm and 86 nm
	Between 27 nm and 36 nm
	10 nm



	BC
	<1 µg/m3

Minimal changes and variation
	<1 µg/m3

Minimal changes and variation
	Several BC peaks > 1 µg/m3 from aircraft related activity



	Gas monitors
	Not used
	CO2: 433 ppm

NO2: 9 ppb

NO: -

O3: 71 ppb
	CO2: 400 ppm

NO2: 16 ppb

NO: 11 ppb

O3: 50 ppb
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