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Airports contribute substantially to ultrafine particle (UFP; <100 nm)

concentrations on a local scale. These UFPs, which derive mainly from

combustion processes, are generated during take-off and landing of aircraft,

during aircraft movements on the tarmac, when engines and turbines are

started, and by vehicles transporting goods and people on the airfield. UFPs

are considered particularly harmful to human health as their small size enables

them to pass far into the human body. This study investigates the extent to

which particle number concentrations (PNCs) sized 7–2,000 nm respond to the

cessation of air traffic due to the closure of a major airport. PNCs and wind data

were monitored with a 5 s resolution at one location on the airfield of Berlin-

Tegel Airport (TXL). The station was located 600–640m east of the runways

and thus downwind of the runways for the predominant wind direction.

Observations took place 24 h per day every day for about 3 weeks before

and 3 weeks after the closure of the airport. During themeasurement campaign,

a total of 2,507 take-offs and landings took place. Including all wind directions,

this study shows 30%–40% lower PNCs on average, 2.5-fold lower maximum

values as well as a 3-fold lower PNC spread after the closure of the airport.

These differences are evident only during the day with active flight operations,

and not during the nighttime flight ban. Downwind of the airfield, differences

are even higher. After the closure of the airport, average PNCs drop by 70%,

maxima by 85%, and variability is reduced by almost 90%. 70% lower and 30%

less frequent PNC peaks occur downwind of the airport after flight operations

are discontinued. This unique natural experiment allows for relatively clear

conclusions about the relevance of airport operations on PNCs in the airfield

area. The measurements carried out before and after the closure allow a direct

comparison of the PNCs during airport operations and without any. Thus, our

study reveals the change in UFP concentration that can be achieved through a

reduction in flight operations.
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Introduction

Airports are key for our globalised world—they connect

people, economies, and countries and promote cultural,

political and knowledge exchange. Despite the added social

value, there are justified concerns about aviation in the

context of anthropogenic climate change and local air

pollution (Grobler et al., 2019; Riley et al., 2021; IPCC, 2022).

For several years, scientists and citizens have been concerned

with the dispersion of ultrafine particles (UFPs) in the vicinity of

airports and the associated health risks for local residents and

employees (He et al., 2020; Lammers et al., 2020; Bendtsen et al.,

2021). Ultrafine particles are associated with negative effects on

both mortality and morbidity (HEI, 2013; Ohlwein et al., 2019;

WHO, 2021). Most airport-related studies investigate the

exposure of airport employees engaged in ground-based

operations on the airfield (Targino et al., 2017; Marcias et al.,

2019; Lecca et al., 2021) and the dispersion of UFPs into the

surroundings (Keuken et al., 2015; Hudda et al., 2018; Riley et al.,

2021). The results show an effect of airports on the particle

number concentration (PNC) in their vicinity (Fritz et al., 2022;

Hudda et al., 2022). Specifically, PNC depends on the number of

flight operations, background concentrations, and the prevailing

wind direction. Additional emitters such as road traffic also

contribute to airborne particle number concentrations in the

surrounding area (Masiol et al., 2017; Fritz et al., 2021; Tremper

et al., 2022). On the airfield itself, ground-based operations,

taxiing as well as landing and take-off operations (LTO)

contribute to UFP emissions (Hsu et al., 2012; Keuken et al.,

2015; Lorentz et al., 2021). Starting or landing aircraft cause short

but very high concentration peaks (Stacey et al., 2021; Hudda

et al., 2022).

In 2020, the largest airport in Germany’s capital, Berlin-Tegel

Airport (TXL), was relocated from the north of the city 26 km to

the south. This provided a unique opportunity to measure PNCs

on the airfield of TXL before and after it was closed. Due to the

COVID-19 pandemic conditions, flight operations did not take

place at full capacity even before the relocation. The number of

flights dropped to about 25%–30% of the usual amount of air

traffic in autumn. On the one hand, this allowed our study an in-

depth analysis of individual flight impacts. On the other hand,

this implies that the PNC values do not represent situations with

regular flight activities at TXL.

This study analyses the impact of the closure of TXL on PNCs

on the airfield. PNC was measured at a fixed location on the

airfield 3 weeks before and 3 weeks after the closure of the

airport. As a first step, we compare average, minimum, and

maximum PNCs as well as their standard deviation before and

after the closure of TXL, including variations of PNCs with

different wind directions. Secondly, we contrast changes of PNCs

due to the cessation of flight operations with wind from either the

direction of the airfield or the nearby road network. We expect

road traffic to be the second major emitter of UFPs in the

immediate vicinity of the monitoring station and contrast its

contribution with that of the airport. Finally, we examine changes

in the number and duration of short-term PNC peaks as well as

their average and maximum PNCs.

Methods

Study site

This study took place on the TXL airfield at the time of the

airport closure in autumn 2020. Due to the COVID-19 pandemic,

in 2020 only about 25% of passengers and 60% of cargo was

handled in comparison to activities in 2019 (FBB, 2021). This

corresponded to about 57,536 commercial flights at TXL in the

year of the study (FBB, 2021). Observations were carried out in the

east of TXL between 20October 202014:44 LT and

3December 2020 03:03 LT. TXL was closed on 8 November

with the last flight starting at about 15:00 (FBB, 2021). The

centre of TXL is at 13.29° E and 52.56° N. There are two east-

west orientated runways about 260 m apart from each other

(Figure 1). In the eastern half of the airfield, a motorway

carrying 40,000 vehicles per day runs in a north-south direction

(Senate Department for Urban Development and the

Environment Berlin, 2017). As shown in Figure 1 (green

rectangle), the motorway passes through a tunnel (850 m long)

that runs under the eastern part of the airfield. North-east of the

airfield there are several roads including themotorway access road.

We recorded PNCs and meteorological parameters east of

the southern runway (Figure 1), 2.2 km from the centre of the

airport, 600 m from the easternmost part of the southern and

640 m from the easternmost part of the northern runway.

Data sets

We recorded PNCs with a butanol-based Grimm

EDM465 UFPC condensation particle counter (CPC). The

device included the pre-installed 1 m sampling pipe coated

with a nafion membrane for isothermal humidity extraction

and a 2 µm precipitator at the sampling head (GRIMM,

2013). We measured the meteorological variables with a

LufftWS600-UMB weather monitor. Both monitors collected

measurements every 5 s (response time of CPC). The

manufacturer of the CPC specifies the particle size in a range

between 7 nm (with a 50% counting efficiency) and 2,000 nm.

PNCs of up to 150,000 # cm−3 are provided in a single count

mode, larger concentrations up to 107 # cm−3 in photometric

mode with an accuracy of 5% or 10% respectively. The air inlet

was at 1.5 m above the ground. The weather sensor recorded

wind direction with an uncertainty of <3° for wind speeds of

>1.0 m s−1 and wind speed with ±0.3 ms−1 or ±3% at the height of

the CPC at 1.3 m above the ground.

Frontiers in Environmental Science frontiersin.org02

Fritz et al. 10.3389/fenvs.2022.1061584

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1061584


Flight data was provided by Flughafen Berlin Brandenburg

GmbH. It includes the actual time of arrival or departure, the

time of arrival at or departure from the parking position, whether

the aircraft was arriving or departing, the runway used, and

whether the aircraft took off or landed towards the east or west.

We classified the time of aircraft movement between parking

position and runway as taxiing time. Data on aircraft movements

were included from 20.10.2020 14:00:00, 45 min prior to the start

of the PNC observations. This includes 2,507 flights in total with

1,261 departures and 1,246 landings. Both runways had about the

same load with 1,244 aircraft on the northern runway and

1,263 flights on the southern one. 96% of the flights departed

to the west or landed from the east of the airfield. Out of those

aircraft, starting planes accelerated their engines about 700 m

from the monitoring site while landing aircraft passed right over

the site. Due to a night flight restriction, only night mail flights

were allowed between 23:00 and 6:00 as well as delayed take-offs

and landings until midnight. Within the observation period,

23 out of 2,507 flights took place during this restricted time

window.

Data quality and processing

The CPC is calibrated on a yearly basis by the manufacturer

and was additionally compared against a reference device in the

2 weeks prior to the measurement campaign. We checked and

maintained the CPC bi-weekly during the campaign. Due to the

time change, we deleted the data between 2:00 and 3:00 daylight

saving time. Due to hardware issues, we rejected data between

15.11.2020 02:15:00 and 18.11.2020 11:14:55. We set wind

direction data at times with the wind speed exactly zero to a

missing value.

To contrast changes before and after the closure of TXL,

we differentiate between day and night. We defined hours

between 6:00 and 23:00 as “day,” since those were the hours

with active flight activities during airport operations. We refer to

times between 23:00 and 6:00 as “night,” since these were the

hours with night time flight restrictions.

For hypothesis test statistics, we use *** for highly significant

p-values of < .001, ** for very significant p-values of < .01, and *

for significant p-values of < .05. We refer to the measurement

period before the closure of the airport as “TXL open”, the period

after the relocation as “TXL closed”.

For the comparison of situations with the monitoring site

being downwind of either the airport or the roads, we define

the lee as the sector ±45° of the wind direction. We did not see

any significant differences in PNCs for different sized wind

sectors–i.e., ±10°, ±20°, and ±45°. We chose the ±45° sector in

accordance with Keuken et al. (2012). Thus, we consider the

CPC downwind of the airport for wind directions 215◦–305°

and downwind of the motorway access road for wind

directions 0◦–90°.
For the PNC peak analysis, we first calculate local maxima

within a 5 min time span. Then, we define daily outliers

according to the definition of Tukey (1977) as

≥ Q3 + 1.5 × Q3 − Q1( )[ ], ≤ Q1 − 1.5 × Q3 − Q1( )[ ], (1)

with Q3 being the 75 percentile, Q1 the 25 percentile, and
(Q3 − Q1) the interquartile range (IQR). We then combine
successive outliers of at least two observations into one group
of outliers. When outlier groups coincide with local maxima, we
consider them PNC peaks. The calculated number of peaks is
standardised by the length of the measurement period. We
recorded 316,381 5-s observations before and 388,772 after
the closure of TXL. Thus, we adjusted the number of peaks
before the closure of TXL by a factor of 1.22881. Peak length [s] is
calculated as the duration of consecutive PNCs classified as both
local maximum and outliers before observations dropped below
peak levels again.

Results

Comparison of particle number
concentrations before and after the
closure of TXL

Mean PNCs during the day are significantly lower after the

closure of the airport than before (Table 1). As expected, the

decline is more pronounced in the mean (41%) than in the

median (29%). During times of night flight restrictions, however,

there is no clear decrease in PNCs.

FIGURE 1
Study site: The monitoring site was located east of the
runways (blue dot) of Berlin-Tegel Airport (grey area). The
motorway (A111; red line) that crosses the airfield from north to
south in the east of the runways leads underground through a
tunnel (area of the green rectangle). Data basis: Environmental
Atlas Berlin.

Frontiers in Environmental Science frontiersin.org03

Fritz et al. 10.3389/fenvs.2022.1061584

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1061584


Short-term PNC maxima of more than 100,000 # cm−3 are

frequent during daytime before the airport closed (Figure 2).

Yet, these peaks cannot be identified on all measurement days.

After the closure, peaks are both of a lower magnitude and

frequency. During active flight operations, maxima are 2.5-

fold higher and the standard deviation (SD) 3-fold larger than

after the closure (Table 1).

The most common wind direction during the 6-week study

period was southwest (Figure 3), which also has the highest wind

speeds. Mean wind speeds before (1.5 ms−1) and after the closure of

TXL (1.3 ms−1) are quite similar. Average wind speeds of less than

1.5 ms−1 are likely due to the low height of the anemometer (1.3 m).

Thewind roses showdifferences in themeasurement frequency of the

wind directions for the two periods that are relevant for further

analyses. We consider these frequency differences by either

normalising the wind direction segments or by visualising or

stating the different sample sizes in the figures.

Pollution roses for the periods before and after the closure of

TXL show only slight differences in the average and minimum

PNC; however during winds from the airfield (i.e., from the west)

the mean concentrations decrease (Figure 4). The maximum and

the spread of PNCs are substantially lower after the closure of the

airport for wind directions from the airport. In general,

maximum concentrations of more than 100,000 # cm−3 are less

frequent after the cessation of air traffic. When such maxima do

occur, they are associated with westerly or southwesterly winds.

Because north winds rarely occurred, we cannot draw reliable

conclusions about changes due to the airport closure for this

wind direction.

Impact of airfield and motorway access
road

To separate the effects of road traffic from those of airport

operations, we contrasted PNCs for winds both from the

direction of the airport and the motorway with winds from

any other direction. We excluded data during the times of flight

restrictions of 23:00 until 6:00.

TABLE 1Means of hourly PNCs (day/night) for the times before and after the closure of TXL. Nighttime flight restrictions occurred between 23:00 and
06:00. Asterisks show p-values for unequal variances t-tests of PNCs before and after the closure of TXL (p-value < .05: *; p-value < .01: **;
p-value > .05: (−)).

PNC [# cm−3]

Median Mean Min-max SD

Day** night(−) Day** night(−) Day** Night (*–(−)) Day** night(−)

TXL open 13,250 7,318 17,986 8,138 6,724–102,752 5,622–26,344 14,115 3,117

TXL closed 9,400 6,522 10,594 7,389 5,278–41,320 4,808–27,155 4,572 3,314

FIGURE 2
PNC observations for the periods before and after the closure
of TXL.

FIGURE 3
Wind roses for the PNC observation periods before and after
the closure of TXL. Roses are calculated with wind direction angles
of 10°.
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For wind from the direction of the airfield (Figure 5, left,

Supplementary Table S1), all statistical measures show a

significant reduction of PNC after the closure of the airport

(mean, max, SD: ***; min: **). While minimum PNCs drop only

slightly by 21% on average, mean PNCs decrease by 68%,

maximum PNCs by 85% and the spread in PNC by 89%. For

wind from all other wind directions, only the minimum (***) and

mean (**) PNCs decrease significantly, but by a smaller degree of

24% and 17% respectively. The maximum PNC and the standard

deviation do not change significantly for wind from directions

other than the airport.

With the CPC downwind of the motorway access road and

road network, none of the statistical measures shows relevant

changes in PNCs in comparison before and after the cessation of

flight operations (Figure 5, right). However, when excluding the

downwind sector of the roads from the analysis, all statistical

measures have higher PNCs before the closure than afterwards

(p-values < .001). The most obvious changes are in the

maximum and the standard deviation values, which decrease

2.6-fold and 3.4-fold respectively. Particularly evident is the

decrease in both the number and the maximum PNC of the

outliers after the cessation of flight operations for wind from

directions other than the motorway access road. These results

further highlight the impact of aviation on UFP concentrations

near the airfield.

Changes in peak concentrations

One of the most obvious changes due to the closure of TXL

are the differences in the number, magnitude and length of PNC

peaks (Figure 6, Supplementary Table S2). Their number

decreases from 1,149 to 1,029 with wind from the airfield,

which corresponds to a decrease of 30%*** when normalised

to the different length of the measurement period before and

after closure. Their mean peak length decreases from 58 s to

22 s***. Average PNCs of peaks decrease by almost 70%*** and

the maximum values drop by 70%***.

With wind from the direction of the motorway access road

and road network, the number of peaks increases 2.8-fold*** after

the cessation of flight operations with no significant change in

their lengths (Figure 6, Supplementary Table S2). The average

PNC peaks decrease by 30%*** and the maximum peak

concentrations by 25%***. With the closure of the airport, the

FIGURE 4
Pollutant roses before and after TXL closed. The colour scale shows observed hourly PNCs normalised per wind direction to account for their
different frequency of occurrence. The black outline shows the frequency of the observed wind direction during the periods. The blue outline and
separation lines highlight angles with highly significant changes of PNC (p-value < .001) after the closure of the airport. Roses are calculated with
wind direction angles of 10°.
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impact of the roads on PNC becomes more pronounced, as the

effect is no longer masked by the much higher peaks caused by

flight operations. Although road traffic also causes particularly

high PNCs for short periods, the peaks are generally much lower

than those caused by air traffic.

Discussion

This study is unique in that we were able to monitor both

immediately before and immediately after the closure of a major

airport and thus assess its impact on PNCs. To classify the effect

of the airport, we tested three hypotheses:

• Changes in PNC after the closure of TXL

were only expected at times with active flight operations

(6:00–23:00). No noticeable changes should occur at the

time of night flight restrictions.

• Significant changes in PNC should be visible with

wind from the direction of the airfield, but not with

wind from the direction of other UFP sources such as

road traffic.

• Furthermore, after the closure of TXL, extreme PNC peaks

typical for air traffic should occur less frequently and

maxima from the direction of the roads should increase

in relevance.

We were able to confirm these hypotheses on the basis of our

measurement data.

Our study shows an average PNC decline of 30%–40%

between 6:00 and 23:00 after the closure of Berlin-Tegel

Airport independent of wind direction. Our results are

comparable to Masiol et al. (2017), who calculated a 30%

contribution of London Heathrow (LHR) airport to total PNC

in the vicinity. The observed contribution of the airport to total

PNC is higher at LHR and TXL than for London Gatwick Airport

(17%) (Tremper et al., 2022) or Venice airport (20%) (Masiol

et al., 2016).

With wind from the direction of TXL, we found a mean PNC

drop by about 70% after flight operations ended. This corresponds

well with e.g., a 77% increase of PNC downwind from Amsterdam

Airport Schiphol, shown by Keuken et al. (2015). However, Keuken

et al. (2015) report a 3-fold higher PNC 7 km and 20% elevated PNC

at 40 km from Amsterdam Airport Schiphol. Hudda et al. (2018)

show a 1.7-fold increase of PNC in the lee of Logan International

Airport at 4–6 km distance and Hudda et al. (2014) a 4- to 5-fold

increase at 8–10 km distance. The size of the airport, the associated

number of flights, and the size and engines of the aircraft all cause

variation in PNC emissions (i.e., Hsu et al., 2012; Stacey et al., 2021).

Also, the distance of the measuring points to the airport, the size of

the included downwind sector and the associated background or

chosen reference concentration affect the percentage of PNCs

attributed to the airport in absolute PNCs (i.e., Fritz et al., 2022;

Hsu et al., 2012). Hudda et al. (2022) contrasted changes in PNCdue

to a 225 m shortening of the runway at Santa Monica Airport (CA;

United States). They observed a 70% reduction of PNCs after the

modification, which they attribute to the reduction in air traffic, the

change in fleet composition and the longer distance to the

measurement station. This shows the difficulty of attributing a

change in PNC to just one changing parameter. As a result of

the runway shortening, the contribution of the airport on PNC in

the vicinity of the airfield can no longer be distinguished from other

sources (Hudda et al., 2022).

By comparing the PNCs before and after the closure of the

airport and by analysing wind direction-dependent PNCs, we were

able to assess the impact of the airport on air quality. Our

measurements during the closure of the airport allowed for a

direct attribution of changes in PNCs to flight operations. In

contrast, during the ongoing operation of an airport, it is

possible, for example, to assign particles or emissions to an

airport by including different particle sizes (Masiol et al., 2016;

Psanis et al., 2017), other air quality parameters like black carbon

(Keuken et al., 2012; Austin et al., 2021) or chemical analyses of the

collected particles (Ungeheuer et al., 2021). The impact of an airport

on PNCs can furthermore be contrasted from other UFP sources

statistically, by including regression analyses (i.e., Hsu et al., 2012;

Fritz et al., 2022), k-means clustering or positivematrix factorisation

(PMF) (Masiol et al., 2017; Tremper et al., 2022) and principal

component analyses (Austin et al., 2021). By simultaneously

analysing situations that should not be affected by the closure of

FIGURE 5
PNC before and after the closure of TXL. Comparison of
PNCs in the lee of the runways (wind directions 215◦–305°) and
roads (wind directions 0◦–90°) and those with wind from other
directions. Only data included for the times between 6:
00 and 23:00. Box widths are proportional to the square-roots of
the number of observations in the groups.
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the airport, we have ensured that the differences in PNCs between

the times before and after the closure are not due to meteorological

variations or other contributing factors. Neither the comparison of

PNCs during night times from 23:00 to 6:00 nor PNCs from the

direction of the motorway access road show significant changes in

concentrations before and after the cessation of flight operations.

However, road traffic takes over the role of the dominant

PNC source in the vicinity of the airfield after flight operations

stop. After the relocation of TXL, wind from the direction of

the motorway is associated with a one-third increase in mean

PNC during the day (6:00 to 23:00) in comparison to PNCs

with wind from other directions. This does not mean,

however, that road traffic increases. Its impact is now

statistically increased as the extreme outliers caused by air

traffic are absent and the arithmetic mean decreases

accordingly. Consequently, the relative importance of road

traffic as a UFP source is increasing.

High peaks caused by airport operation, especially LTO

activities, have also been detected by Psanis et al. (2017);

Westerdahl et al. (2008); Zhu et al. (2011). Studies like Stacey

et al. (2021) and Hudda et al. (2022) associate individual

aircraft movements with temporary peaks of several times the

background concentration. Similarly, we frequently recorded

peaks of more than 100,000 # cm−3 during times of active flight

operations. Concentration peaks with wind from the airport

were twice as high than those in the lee of the motorway. After

the closure of TXL, outliers were still recorded, however,

maxima with wind from the direction of the airfield

(22,000 # cm−3 on average) were even lower than those from

the direction of the motorway (29,000 # cm−3). Thus, the

closure of the airport is not only reflected in a general

decrease of PNCs, but also in the reduction of short-term

extreme values. Both declines are relevant for any subsequent

exposure assessments of people in the surrounding area.

In this study, we focus on the change in PNCs in the east of

the airfield before and after the closure of the airport to determine

the impact of air traffic on both temporally very short and

constant UFP concentrations. Due to the location of the

measurements, we cannot draw conclusions about the

exposure of either airport personnel and travellers or the

resident population. UFPs are spatially highly variable due to

transformation processes such as nucleation, coagulation and

condensation of particles as well as dispersion processes and

mixing of air masses due to turbulence (Kumar et al., 2011;

Birmili et al., 2013; Lawal et al., 2022). Further dispersion and

exposure studies are needed for such an assessment. It stands to

reason, though, that the exposure of residents living in the

vicinity of the airport has been reduced as a result of the closure.

Summary and conclusion

In the unique opportunity of a closing major airport in

Germany’s capital, this study monitored UFP concentrations on

the airfield of TXL before and after its closure. During a 6-week

campaign, wemeasured airborne PNCs to identify differences before

and after the cessation of air traffic and to therefore assess the impact

of airport operations on air quality.

We observe a significant decrease of PNCs after the closure of

TXL. The hourly mean PNCs dropped by 41%, and the

maximum concentrations from 102,800 # cm−3 to

41,300 # cm−3. We detected these differences only during the

day, as these were the times when aircraft movements took place

during airport operations. With wind from the airport, these

changes are even more pronounced: Average PNCs dropped by

70% and maximum PNCs by 85% after the closure of the airport.

We cannot find statistically significant changes for wind from the

direction of the motorway. With TXL airport still active, the

highest and most frequent PNC peaks were detected with wind

from the airport. After the closure, peaks from the same wind

directions were even a third lower than those in the lee of the

motorway. Due to the absence of airport emissions after TXL

closed down, the relative contribution of the motorway to the

total PNC increases both continuously and in the number of

short-term maximum concentrations.

Due to the restrictions on air traffic caused by the COVID-19

pandemic, the study was conducted with considerably less flights

than usual. Accordingly, we cannot draw any conclusions about the

extent of PNC during regular airport operations. A simple

extrapolation of PNC based on the otherwise higher number of

FIGURE 6
Peaks length as well as average and maximum PNC of peaks
before and after the closure of TXL. Comparison of concentrations
downwind of the airfield (left) and roads (right). Box widths are
proportional to the square-roots of the number of
observations in the groups.
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aircraft movements is not justified due to the multitude of variables

that have an impact on the dispersion and transformation of aircraft

emissions. However, the results of our study are a strong indicator of

the impact of air traffic on UFP concentrations in the direct vicinity

of the airfield. The acquired data set can be the basis for further

studies, including dispersion modelling to estimate the effect of the

closure on the neighbouring residential areas and thus on the

exposure of the population living and working in the close by to

bridge the gap to health impacts.
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