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A B S T R A C T   

Exposure to ultrafine particles has a significant influence on human health. In regions with large commercial 
airports, air traffic and ground operations can represent a potential particle source. The particle number con
centration was measured in a low-traffic residential area about 7 km from Frankfurt Airport with a Condensation 
Particle Counter in a long-term study. In addition, the particle number size distribution was determined using a 
Fast Mobility Particle Sizer. 

The particle number concentrations showed high variations over the entire measuring period and even within 
a single day. A maximum 24 h-mean of 24,120 cm− 3 was detected. Very high particle number concentrations 
were in particular measured when the wind came from the direction of the airport. In this case, the particle 
number size distribution showed a maximum in the particle size range between 5 and 15 nm. Particles produced 
by combustion in jet engines typically have this size range and a high potential to be deposited in the alveoli. 
During a period with high air traffic volume, significantly higher particle number concentrations could be 
measured than during a period with low air traffic volume, as in the COVID-19 pandemic. 

A large commercial airport thus has the potential to lead to a high particle number concentration even in a 
distant residential area. Due to the high particle number concentrations, the critical particle size, and strong 
concentration fluctuations, long-term measurements are essential for a realistic exposure analysis.   

1. Introduction 

Ultrafine particles (UFPs) are particles with a diameter of less than 
100 nm. Compared to coarser particles, they represent a comparatively 
small mass, but dominate the number concentration (Morawska et al., 
2008). Because of the low weight fraction for the quantification, the 
particle number concentration (PNC) is usually measured. Their chem
ical and physical properties vary greatly depending on the source. They 
are either emitted directly or formed secondarily from emitted pre
cursors such as sulfates, organic components, or metals through chem
ical reactions in the ambient air (Westerdahl et al., 2008; Guo et al., 
2020; Kwon et al., 2020). The main sources of UFPs are 
combustion-related processes from industrial plants, power plants, and 
the transport sector. In urban regions, the transport sector is the domi
nant source of UFPs (Aalto et al., 2005; Hasegawa et al., 2004). In 

addition to combustion engines from motor vehicles, airports also 
represent significant sources of UFPs. Increased PNCs have already been 
measured in the surroundings of airports in numerous studies and linked 
to air traffic (Fritz et al., 2022; Hudda et al., 2018; Keuken et al., 2015; 
Rose and Jacobi, 2019; Ditas et al., 2022; Ungeheuer et al., 2022). The 
particulate emissions are caused by the aircraft engines and auxiliary 
power units during taxiing, takeoff, and landing. However, vehicle 
traffic on the airport site as well as heating, maintenance, and repair 
work on the ground are also responsible for the total particulate emis
sion (Amin, 2001; Mazaheri et al., 2011; Masiol and Harrison, 2014; 
Jasinski and Przylebska, 2018). Emitted particles from flying aircrafts 
also have the potential for vertical dispersion. In particular, wake tur
bulences generated by fast air movements on the upper side of the wings 
are capable of transporting particulate aircraft emissions to the ground 
(Riley et al., 2016; Unterstrasser et al., 2014; Westerdahl et al., 2008). 
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Contents lists available at ScienceDirect 

Environmental Pollution 

journal homepage: www.elsevier.com/locate/envpol 

https://doi.org/10.1016/j.envpol.2024.123390 
Received 16 August 2023; Received in revised form 7 January 2024; Accepted 16 January 2024   

mailto:droege@med.uni-frankfurt.de
www.sciencedirect.com/science/journal/02697491
https://www.elsevier.com/locate/envpol
https://doi.org/10.1016/j.envpol.2024.123390
https://doi.org/10.1016/j.envpol.2024.123390
https://doi.org/10.1016/j.envpol.2024.123390
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envpol.2024.123390&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Environmental Pollution 345 (2024) 123390

2

Exposure to UFPs is associated with numerous negative conse
quences for human health. These include hypertension and damage to 
the cardiovascular system, the respiratory tract, and the central nervous 
system (Belleudi et al., 2010; Heusinkveld et al., 2016; He et al., 2020). 

Compared to coarser particles, a high surface-to-mass ratio and the 
ability to disperse in the body and act systemically seem to be particu
larly responsible for increased toxicity (Heusinkveld et al., 2016; Nem
mar et al., 2002; Kreyling et al., 2006; Araujo et al., 2008). In contrast to 
data of coarser particles (Pope et al., 2002; Creason et al., 2001; Liao 
et al., 1999), the data for long-term health-effects of UFPs are poor. One 
reason is the missing international standards on measurement protocols 
for UFPs. Information on the personal exposure is limited. Due to the 
lack of environmental epidemiological data, it is difficult to establish 
limit values. On the other side, the lack of valid limit values leads to the 
fact that exposure data are not routinely collected (Schraufnagel, 2020; 
Marval and Tronville, 2022; Umweltbundesamt, 2018). Even though 
long-term measurements, e.g. by authorities or institutes, are increas
ingly being carried out and networks have formed, comprehensive 
monitoring is currently not given (TROPOS, 2023; HLNUG, 2023). 

With 513,912 takeoffs and landings in 2019, immediately before the 
COVID-19 pandemic, Frankfurt Airport is one of the airports with the 
most aircraft movements in Europe (Fraport AG, 2020). Frankfurt thus 
represents an ideal study site for investigating the effects of air traffic on 
the PNC in a residential area in a long-term study. Various individual 
analyses were carried out and evaluated in their entirety. In particular, 
wind direction-dependent and air traffic-dependent variations of the 
PNC were characterized. Also analyzed was whether passing aircrafts 
have an influence on the PNC at the study site and what kind of particle 
number size distribution is present in the ambient air. The data may 
serve as a basis for a realistic exposure analysis. 

2. Material and methods 

2.1. Study site 

The study site is located on a roof over the entrance of a residential 

building in a low-traffic residential area in the south of Frankfurt (Ler
chesberg, district Sachsenhausen). The distance between the study site 
and the closest point of the airport is 7 km. The distance to the center of 
the airport is approximately 10 km (compass heading 240◦). Fig. 1 
shows the geographical positions of the study site and the airport. 

Frankfurt Airport has four runways. Runway Center and Runway 
South can be used for both takeoffs and landings. Runway Northwest can 
be used exclusively for landings and Runway West exclusively for 
takeoffs. There are two different operation directions for the airport. 
With the operation direction west, the aircrafts take off and land facing 
west (compass heading 250◦) (Fraport AG, 2023a). In this case, all 
arriving aircrafts fly on three parallel approach paths. The landing air
crafts approaching on Runway Northwest fly almost directly over the 
study site with a height of approximately 600 m above ground level. 
Aircrafts landing on Runway Center/South pass the study site in the 
south with a horizontal offset of 1.2 km (Runway Center) and 1.7 km 
(Runway South) with a height of approximately 400 m above the level of 
the study site. 

With the operation direction east, the aircrafts take off and land 
facing east (compass heading 70◦). A certain proportion of the aircrafts 
taking off overfly the study site and the surrounding area. 

Due to the steeper angle during climbing, the crossing altitude is 
comparatively high. Also, they do not fly in narrow parallel corridors 
over the study site, but fan out broadly (Fraport AG, 2022). 

The decision for an operation direction depends mainly on the wind 
conditions. Headwind shortens both the distance required for takeoff 
and the distance required for landing. A prevailing headwind is thus 
preferred for flight operations. A westerly wind direction dominated in 
the region during the time of the study, so the operation direction west 
was used more frequently. For reasons of noise protection, no scheduled 
flights are allowed between 23:00 and 05:00 at Frankfurt Airport. 

2.2. Measurement of ultrafine particles 

The positioning of the measurement instruments at the study site is 
shown in Supplementary Figure F1. The continuous measurement of 

Fig. 1. Geographical position of the study site, the airport with its runways (blue lines) and the associated landing approach paths (dotted lines) during operation 
direction west. Geographical picture by OpenStreetMap. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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UFPs in ambient air was carried out with a Condensation Particle 
Counter (CPC) of the type Grimm EDM 465. The CPC detects particles 
with a diameter between 7 nm and 1 μm and indicates the PNC. The 
maximum temporal resolution is 5 s. The CPC was calibrated by the 
manufacturer. 

To characterize the particle load in more detail and to perform a 
source analysis, the particle number size distribution (PNSD) was 
additionally determined with a Fast Mobility Particle Sizer (FMPS) type 
3091 from TSI. Particles between 5.6 and 560 nm can be differentiated 
with a resolution of 32 channels. The maximum temporal resolution is 1 
s. 

Continuous measurements with the CPC took place in the period 
from 07-30–2020 to 06-30-2022. Due to maintenance, no data was 
generated between March and June 2021. A measurement with the 
FMPS was carried out on 09-06-2022 (airport operation direction west). 

2.3. Influence of the wind and the time of day on the particle number 
concentration 

To characterize the influence of the wind direction on the particle 
load at the study site, the mean PNCs measured for the respective wind 
directions were analyzed over the entire measurement period. 

Since urban structures can strongly influence both wind speed and 
wind direction, it is difficult to determine the main wind direction 
responsible for particle transport at the study site. For this reason data 
for wind direction (10◦-resolution) and wind speed were taken from the 
database of the German Weather Service (Deutscher Wetterdienst, DWD) 
for the station Frankfurt Airport (DWD, 2023), which carries out a 
continuous measurement in an open field at about 10 m height above the 
ground. 

Due to the distance (13 km) of the study site from the weather sta
tion, a slight temporal offset of the wind field is still possible. Since a 
certain wind speed is necessary for particle transport, only the periods 
when the wind speed was ≥1 m/s were included in the analysis. With the 
limit value of 1 m/s, it can be assumed that a certain basic flow was 
present, even when using time-averaged wind speeds. As the periods in 

which wind speeds of less than 1 m/s occurred only account for a very 
small proportion, the choice of this limit value meant that almost all the 
data could be included in the analysis. A temporal resolution of 1 h was 
chosen for both the meteorological data and the data of the PNC. There 
was a differentiated characterization between the periods with and 
without flight operation. The period between 23:00 and 0:00 was also 
assigned to the period with flight operation, since airport-related high 
concentration levels would not drop abruptly after flight operation 
terminates. 

For a wind direction-dependent source analysis of the particle load at 
the study site, its surroundings were divided into six sectors. This divi
sion ensured both high spatial resolution and sufficient data availability 
for the individual sectors. Fig. 2 shows the division of the individual 
sectors around the study site. 

In addition, exemplary PNC variations during the course of the day 
are presented graphically. PNC data in a high temporal resolution (1 
min) were used for this purpose. 

2.4. Influence of the air traffic volume on the particle number 
concentration 

Since there have been significant fluctuations in air traffic volume in 
recent years due to the COVID-19 pandemic, there is an opportunity to 
compare PNCs measured during a period of high air traffic volume with 
the PNCs measured during a period of low air traffic volume. In this way, 
it is possible to determine any relation between air traffic volume and 
PNC at the study site. The analysis was performed for each wind sector 
individually since the wind conditions were subject to strong variations 
during the study period which in turn can have a significant influence on 
the PNC. Due to data availability and seasonal variations in PNC 
(Sabaliauskas et al., 2012), the 7-month mean PNCs from the periods 
Aug 2020–Feb 2021 (low air traffic volume) and Aug 2021–Feb 2022 
(high air traffic volume) were compared. The total of all aircraft 
movements (takeoffs and landings) that occurred in a month was used as 
a measure of air traffic volume. In the period with low air traffic volume 
the value varied between approximately 11,100 (Feb 2021) and 17,700 

Fig. 2. Sectors around the study site with geographical feature, communities, and the distance to the study site.  
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(Aug 2020). In The period with high air traffic volume the value varied 
between approximately 22,300 (Feb 2022) and 30,000 (Oct 2021) 
(Fraport AG, 2023b). 

In the analysis, a differentiation between PNCs measured during 
daytime (flight operation) and nighttime (no flight operation) was 
made. Since a certain wind speed is necessary for particle transport to 
the study site, the PNCs measured at wind speeds below 1 m/s were not 
included in the analysis. 

2.5. Influence of landing aircrafts on the particle number concentration 

Since landing aircrafts during operation direction west fly over the 
station directly or with a low horizontal offset, they thus represent po
tential particle sources at the study site. To detect the influence of these 
emitters, the course of the PNC at the transition to flight operations 
(04:00–06:00) was analyzed over the entire measurement period during 
operation direction west. 

Aircraft-induced PNC-increases should be detected most sensitively 
during this period. 

In addition, the average PNCs of the period 04:00–05:00 (PNC4-5) 
without flight operation and 05:00–06:00 (PNC5-6) with flight operation 
were compared with each other in a Wilcoxon-Signed-Rank test. 

To characterize the influence of the aircrafts which pass the 
measuring station south (approaching on Runway Center/South), only 
those days were included in the analysis on which the wind blows 
constantly from directions 120–180◦ with a minimum speed of 1 m/s 
between 04:00 and 06:00. The wind direction was selected in such a way 
that the particle emissions from aircrafts have a short way as possible to 
the study site. At the same time, there is no signal overlap with particles 
emitted from the airport site, as a sufficient safety distance from its area 
of influence has been selected. Data for wind speed and wind direction 
with a high temporal resolution (10 min) were used to assume a constant 
wind field. To detect the emissions of the aircrafts flying directly over
head of the study site, calm conditions or wind from the east or west are 
necessary. With northerly or southerly wind directions, the emitted 
particles are transported away from the study site. When the wind is 
blowing from the east, the operating direction is almost exclusively east 
and no landing aircrafts fly over the study site. During west wind con
ditions, there is a signal overlap with particles emitted from the airport 
site, so an assignment to a particle source (overflying aircraft vs. airport) 
is difficult. Due to the low proportion of calm conditions (<1 m/s), the 
data availability for a comprehensive analysis is too low. Furthermore, 
the aircrafts directly flying over the measuring station have a compar
atively high altitude. For these reasons, the influence of aircrafts landing 
on Runway Northwest was not initially analyzed. For a detailed analysis 
of temporal relations, the PNCs with a temporal resolution of 5 s were 
used. 

3. Results 

3.1. Variations of the particle number concentration 

Fig. 3 shows the mean PNCs for the individual months in the entire 
measurement period. In addition, the maximum and minimum 24-h 
mean PNCs are presented for each individual month (data in Supple
mentary Table T1). 

Over the entire measurement period, the monthly mean PNCs varied 
between 4707 cm− 3 (Feb 2021) and 11,313 cm− 3 (Oct 2021). Within the 
respective months, there were also large variations between the indi
vidual days. The highest 24 h-mean PNC was measured on a day in Oct 
2021 (24,120 cm− 3). The lowest 24 h-mean PNC was measured on a day 
in Feb 2021 (2137 cm− 3). 

Fig. 4 shows the mean PNCs measured for the respective wind di
rections over the entire measurement period (data in Supplementary 
Table T2). 

During the operating time of the airport, a clear maximum of the PNC 

could be detected during wind from sector V (210–260◦). The maximum 
PNC (18,492 cm− 3) was measured for the wind direction 240◦, which 
matches with the center of the airport. During the night hours without 
flight operation, no clear wind direction-dependent trend could be 
observed. 

Fig. 5 shows the diurnal variations of the PNCs exemplarily for two 
different days. 

With a stable wind situation from the airport sector, typical con
centration profiles could be observed. On 11-18-2021 (Fig. 5a), at the 
beginning of flight operations in the early morning, a clear increase in 
PNC was evident with a short latency period. High PNCs persisted until 
the end of flight operation. In addition to this typical concentration 
profile, isolated high concentration peaks were observed during the 
course of the day. A maximum PNC of 59,940 cm− 3 was reached. Also on 
12-07-2021 (Fig. 5b), a clear concentration profile could be observed. 
There was an abrupt increase of the PNC at the beginning of flight 
operation around 5:00. The wind came from the direction of the airport 
with high intensity. A maximum PNC of 60,761 cm− 3 was reached. At 
about 13:00, the wind direction changed to south and southeast. The 
wind speed also decreased significantly. The concentration profile 
shows an abrupt decrease at this time. The operation direction also 
changed on this day. However, the change in operation direction from 
west to east did not occur until 20:00, when the measured PNCs were 
already at a low level. 

Fig. 3. Maximum, minimum, and mean 24-h particle number concentrations 
(PNCs) measured during different months from 2020 to 2022. 

Fig. 4. Wind direction-dependent mean particle number concentra
tions (PNCs). 
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3.2. Influence of the air traffic volume on the particle number 
concentration 

Fig. 6 shows the mean PNCs measured during wind from the indi
vidual sectors. There is a differentiated characterization between the 
periods with and without flight operation (data in Supplementary Table 
T3). 

In the first period and during the operation time of the airport 
(Fig. 6a), the mean PNC (averaging period Aug 2020–Feb 2021) 
measured while the wind came from sector II was comparable to those 
measured while the wind came from the sectors III and VI. For wind from 
sector I, the measured mean PNC was significantly lower. The highest 
mean PNC was measured while the wind came from sector V (airport 
sector). In period 2 and during the operation time of the airport, the 
mean PNC (averaging period Aug 2021–Feb 2022) measured with wind 
from sector VI corresponded approximately to the mean PNC with wind 
from sector VI measured in period 1. 

With wind from the other sectors, the measured mean PNCs during 
period 2 exceeded the previous year’s level. For wind from sectors IV 
and V, the measured mean PNCs deviated most strongly in between both 
periods. As in period 1, the highest mean PNC in period 2 was measured 
during wind from sector V. Potential particle sources, located in both 
sectors are, for example, the airport, freeways, and aircrafts flying in the 
approach paths to the Runways Center/South. 

Outside the operating time of the airport (Fig. 6b), the measured 
PNCs were smaller than during the time of flight operation. However, 
especially during east and south wind conditions, the measured mean 
PNCs in period 2 were higher than in period 1. 

Supplementary Figure F2 shows in additional the monthly wind 

direction-independent mean PNCs for the entire measurement period as 
well as the air traffic volume (data in Supplementary Table T4). 

3.3. Influence of the aircrafts approaching on Runway Center and 
Runway South on the particle number concentration 

A total of 14 measurement days complied with the criteria for the 
potential detection of particulate emissions from aircrafts passing to the 
south. The PNC4-5 and PNC5-6 measured on each day are listed in Sup
plementary Table T5. 

Fig. 7 shows an example of two different PNC profiles on which 13 
(12-31-2020) and 14 (01-08-2021) aircrafts passed the station between 
05:00 and 06:00. 

Despite similar wind direction, wind speed, and number of passing 
aircrafts, the PNC profiles do not show a similar pattern. On 01-08-2021, 
there was a clear increase in PNC from 05:10 onwards. In addition to an 
increase in the base concentration, numerous individual concentration 
peaks could be observed. On 12-31-2020 on the other hand, no trend in 
background concentration could be observed. Numerous moderate 
concentration peaks occurred throughout the entire period. 

The Wilcoxon-signed-rank test shows no significant difference (p =
0.2676) between PNC4-5 and PNC5-6 of all included measurement days. 

3.4. Analysis of the particle number size distribution 

Fig. 8 shows the normalized PNCs and PNSDs with different temporal 
resolutions at the study site, measured with the FMPS on 09-06-2022. 

Over the entire measurement period, particles with a size below 30 
nm dominated the total PNC (Fig. 8 a). In particular, the concentration 

Fig. 5. Variations of the particle number concentrations (PNCs) on a) 11-18-2021 and b) 12-07-2021.  

Fig. 6. Mean particle number concentrations (PNCs) for the different wind sectors and time intervals measured a) during operation time and b) during flight re
striction (night). 
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of particles in the size range around 10 nm showed high variations over 
the course of the measuring period. The total PNC was high at the 
beginning of the measurement with some variation and decreased 
around 11:00. The wind direction showed only slight variations within 
the measurement period and shifted from the center to the edge of the 
airport wind sector. The wind speed showed only little variation. 

Looking at profile 2 (high PNC), it could be observed that particles 
with a size between 8 and 20 nm were dominating the total PNC (Fig. 8 
b). At particle size 14 nm, a maximum could be observed. Differences in 
the total PNC were mainly due to concentration changes of particles 
with a size between 12 and 16 nm. In this size range, significant 

concentration variations could be observed frequently. Isolated con
centration peaks with wide particle spectra, did not occur in this period. 
A mean total PNC of 26,126 cm− 3 was measured. 

Looking at profile 3 (low PNC), particles <14 nm were dominating 
the total PNC (Fig. 8c). Individual concentration peaks showing wide 
particle spectra also did not appear in this period. A mean total PNC of 
2899 cm− 3 was measured. 

Fig. 7. Variations of the particle number concentrations (PNCs) measured between 04:00 and 06:00 on a) 01-08-2021 and b) 12-31-2020.  

Fig. 8. Course of normalized (to the bin width) particle number concentrations (PNCs) and particle number size distributions (PNSDs) for a) the entire morning 
(10:00–12:00, 5-min resolution), b) a subsection of a) with high PNC (5-s resolution), c) a subsection of a) with low PNC (5-s resolution), and d) the variations within 
wind direction and wind speed during the measurement period. 
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4. Discussion 

4.1. Variations of the particle number concentration and particle number 
size distribution 

This study demonstrates that even low-traffic residential areas can be 
exposed to a high load of UFPs under certain circumstances. The PNCs 
were subject to strong variations throughout the year and even during a 
single day. There was a strong dependence on the wind direction. The 
highest PNCs during daytime appeared when the wind came from the 
direction of the airport, especially from its center. However, relatively 
high PNCs were also measured when the wind direction was east or 
south. Considering wind direction-dependent mean PNCs at night, lower 
values were measured than those measured during flight operation. 
Significant concentration differences (day vs. night) particularly 
appeared when the study site was downwind from the airport. A clear 
concentration peak could not be observed during nighttime. The air 
masses reaching the study site can also contain particles from other 
sources. However, the fact that by far the most distinctive day-night 
differences appeared when the study site was downwind from the 
airport is a strong indication that the airport is the determining particle 
source during daytime. 

A further indication of the influence of the airport on the PNC at the 
study site is provided by characteristic curves of the PNC over the day, 
taking into account the wind direction and wind speed. If the study site 
was constantly downwind from the airport, a clear increase in PNC could 
be observed as soon as the airport started operations. From the begin
ning of the night flight restrictions, there was finally a clear drop. On 
days with these wind conditions, particularly high 24-h-mean PNCs 
were measured. The isolated concentration peaks during the course of 
the day are very likely due to extremely short-lasting gusts of wind, 
which are not reflected even in short averaging values of wind direction 
and wind speed. Other measurement campaigns in the vicinity of this 
and other airports could also link high PNCs with wind from the direc
tion of the airport and demonstrated high temporal variations (Hudda 
et al., 2018; Fritz et al., 2022; Rose and Jacobi, 2019; Westerdahl et al., 
2008). With the help of the FMPS, distinct variations in the PNC and 
PNSD could be observed with a high temporal resolution within a 
comparatively short measurement period. During this time, the wind 
came exclusively from the airport sector. The dominant particle size 
ranged from 8 to 20 nm, with a maximum at 14 nm. Particles in this size 
range can be produced by combustion in jet engines (Jasinski and 
Przylebska, 2018; Keuken et al., 2015; Ungeheuer et al., 2022). This is 
another indication that the airport represents the dominant particle 
source at the study site. Due to the lack of a broader particle spectrum 
and especially the very small share of particles with diameters between 
30 and 100 nm, there are significant differences from a common urban 
particle spectrum with road traffic-related emissions (Costabile et al., 
2009; Riley et al., 2016; Vu et al., 2015). The influence of single local 
point sources seems to have a minor impact at the study site. At high 
resolution, it became apparent that short-term concentration differences 
are mainly due to changes in the concentration of the very limited 
particle size range between 8 and 20 nm. It is likely that the vast ma
jority of these concentration peaks lasting only seconds are related to 
short-term variations in the local wind direction and speed. It cannot be 
ruled out that isolated concentration peaks in this particle spectrum are 
related to landing aircrafts overflying the station. A final source attri
bution is generally difficult to realize due to the signal overlap of the 
particle sources (airport vs. overflying aircrafts) in the case of wind from 
the airport sector. 

4.2. Influence of the air traffic volume on the particle number 
concentration 

Significant differences between the period with a high air traffic 
volume and the period with a low air traffic volume were observed in the 

wind direction-dependent and time-of-day-dependent analysis of the 
PNCs. During the operation time of the airport, a clear concentration 
peak was evident within both periods when the wind was coming from 
the direction of the airport (sector V). However, the concentration was 
much lower in the first period. Outside the operating time of the airport, 
such differences in PNC could not be observed. This suggests that dif
ferences in the number of aircrafts taking off and landing, and general 
ground operations have a significant influence on the PNC. With pre
vailing wind directions east and especially south (sector III, IV), the 
PNCs differed clearly between the two periods during daytime. With 
winds from these directions, nearby freeways may be a source of par
ticles. There were also differences in freeway traffic between the two 
periods (BAST, 2023). In addition to the freeways, aircrafts approaching 
on the runways Center and South can also be a potential source since 
they pass the study site at a comparatively short distance with a high 
frequency. The fact that there was also a PNC difference between both 
periods during nighttime (no flight operation) indicates that the free
ways are significant sources of particles. At night, aircrafts do not pass 
the study site either in the first or the second period. Thus, PNC differ
ences in this case cannot be linked to changes in air traffic volume. 
Traffic density on the highways at night, on the other hand, showed 
significant differences between the two periods. The traffic volume in 
the second period was higher (BAST, 2023) and thus the potential par
ticle emissions. 

4.3. Influence of landing aircrafts on the particle number concentration 

The evaluation of the concentration profiles in the early morning 
hours showed in some cases an abrupt increase in PNC parallel to the 
first aircrafts flying over the area. Since the influence of the airport as a 
particle source could be largely excluded, these PNC increases could 
potentially be linked to emissions of the aircrafts. On the other hand, no 
characteristic profiles could be observed on many other days. In the 
statistical evaluation of all analysis days, no significant difference be
tween the PNCs measured in the period 04:00–05:00 and 05:00–06:00 
was found. Even though the aircrafts are much closer to the study site 
than the airport, their particle emissions are comparatively low. Aircraft 
turbines often run at only 20–30% of maximum power during landing, 
which limits particulate emissions. At the airport itself, emissions are 
significantly higher due to the totality of aircrafts taking off and landing 
as well as ground operations (Mazaheri et al., 2009; ICAO, 2021; 
Mazaheri et al., 2011; Petzold and Schröder, 1998; Freund, 2019). 
Aircrafts taking off have the highest emissions here. In addition, the 
dispersion of particles and thus the dilution process takes twice as long 
for aircrafts taking off as for aircrafts landing (Stafoggia et al., 2016; 
Jasinski and Przylebska, 2018). The fact that approaching aircrafts can 
potentially make a certain contribution to the PNC in neighborhoods 
beneath the approaching paths has already been proven in isolated 
studies and measurement campaigns. However, this was mostly limited 
to the immediate vicinity of the landing point (Riley et al., 2016; 
Westerdahl et al., 2008; Stacey, 2019; Freund, 2019; Maron and 
Schönfeld, 2020). It can be assumed that the particles emitted by the 
aircrafts only lead to increasing PNCs at the study site under certain 
circumstances. Here, the condition of the atmospheric boundary layer is 
the determining factor. Variable vertical gradients in wind, temperature, 
and humidity profiles occur in this layer. The strength of turbulent 
mixing subjects to strong fluctuations. This has a direct influence on the 
transport of the individual exhaust plumes (Nieuwstadt and Duynkerke, 
1996; Salmond et al., 2010; Tait et al., 2022). Unfortunately, the 
determination of condition parameters is only possible to a limited 
extent and at great expense within individual research programs. 

In addition to landing aircrafts, the freeways also represent potential 
sources. A final separation of these signals is not possible conclusively. 
To further characterize the particle sources, an extension of temporally 
high-resolution measurements of the PNSD in the early morning hours at 
different wind directions is necessary. 
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4.4. Results of medical studies and particle uptake 

Whereas there is a limited amount of data on short-term effects, the 
assessment of health risks from long-term UFP exposure is very limited. 
There are also differences in the results of the available studies, and the 
effects often relate to road transport or mixtures of pollutants, which 
complicates the individual contribution of UFPs to health effects (Ohl
wein et al., 2018; Lanzinger et al., 2016; Evans et al., 2014; Samoli et al., 
2016; Ostro et al., 2015; Laurent et al., 2016; Downward et al., 2018; 
Corlin et al., 2018; Li et al., 2016; Chung et al., 2015). The different 
chemical and physical properties limit direct transferability to our study. 
In the case of particle exposures in the immediate vicinity of the airport, 
short-term negative effects on human health have already been 
demonstrated (Lammers et al., 2020; Habre et al., 2018). The exposure 
concentrations in these cases were mostly above the concentrations 
measured at our study site. However, several studies in urban environ
ments suggest that a higher 24 h-mean PNC of 10,000 cm− 3 could have 
negative effects on the cardiovascular and respiratory system under 
certain conditions (Samoli et al., 2016; Chung et al., 2015). Variations in 
this magnitude occurred during our study both for short periods and for 
longer periods. A study by Bos et al. found evidence that the positive 
effects of exercise on cognitive performance are already significantly 
reduced at short-term PNCs of 28,120 cm− 3 in ambient air in compari
son to a low-particle environment (Bos et al., 2011). 

With the help of inhalation dosimetry, it is possible to estimate what 
proportion of the inhaled particles is ultimately deposited in the alveoli 
or passes into the pulmonary vessels and thus has a relevant impact on 
human health. The extent of deposition depends directly on the particle 
size and also differs significantly in the size range of UFPs. Where par
ticles with a diameter of 5 nm are 91% deposited, the proportion de
creases to 63% for particles sized 30 nm. Particles with a size of 100 nm 
are only deposited to a share of 13%. (International Commission on 
Radiological Protection, 1994; Kumar et al., 2014). Besides the PNC, the 
knowledge about the PNSD is therefore of high relevance to assess the 
medical relevance. The FMPS measurement could show that at very high 
PNCs, which are quantified at the wind direction of the airport, the 
particles with a small diameter below 30 nm dominated. Especially these 
particles are deposited to a large extent. 

In comparison to the majority of previous studies that have investi
gated the PNSD in the vicinity of airports, the measurement in this study 
was carried out with a very high temporal resolution (FMPS measure
ment). Only with such a high resolution, the number and the particle 
spectrum of the very short-lasting and extremely high concentration 
peaks with potential medical relevance can be analyzed. These con
centration peaks showed the PNSD profile of typical airport emissions. 

5. Conclusion 

In this study, the importance of continuous long-term measurements 
of the PNC was demonstrated. The concentration of UFPs at the study 
site was subject to high variations. Differences between the individual 
months and days, as well as within a single day, were shown. Wind di
rection dependent-concentration patterns could be detected. A clear 
dependence of the PNC on the air traffic volume could also be demon
strated. Considering these results and the results from the analysis of the 
PNSD, the airport could be identified as the main particle source at the 
study site and thus in a distant residential area. It is possible that passing 
aircrafts also contribute to the total PNC at the study site. However, their 
influence is lower than the influence of the airport and can only be 
detected irregularly. Further size-resolved measurements are needed to 
characterize this relationship more precisely. The current data avail
ability of effects of UFP on human health is limited. 

However, isolated studies in urban environments have found evi
dence that negative effects on human health may be observed at similar 
concentration levels under certain conditions. 

Since the PNC at the study site only increases strongly under certain 

wind conditions, strategies can be developed to reduce the particle 
exposure of the local population. This requires further knowledge about 
individual exposure profiles. 
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