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Abstract
During April and May 2019 Salzburg Airport was closed for five weeks for runway renovation.
As a result, landings and take-offs (LTOs) were impossible during this period. This offered a
rare opportunity to carry out a field study to investigate the concentration of ultrafine
particles prior to, during and after completion of the renovation work. During the
construction phase, the sharp particle concentration peaks resulting from LTOs during
normal operation were no longer encountered at the measurement site, 140 m from the
runway. Towards the end of the airport closure, construction activity was all but completed
and LTO activity was strictly limited to test purposes, which resulted in average ultrafineparticle concentrations of approximately 3,000 to 4,000 cm-3 (06–23 h average value). The
reconstruction work itself and the high numbers of construction vehicles caused an increase
in ultrafine-particle concentrations of an additional 1,000 to 2,000 cm-3 (06–23 h average
value). In comparison, in the three weeks before and the three weeks after the closure, when
airport operations were running as normal, concentrations increased by 3,000 to 4,000 cm-3
(06–23 h average value).
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1

Introduction

The reconstruction and closure of the runway at Salzburg Airport (SZG) during five weeks in
April and May 2019 provided a unique opportunity to assess environmental effects of activities
at the airport. Particles smaller than 100 nm, so called ultrafine particles (UFP) or
nanoparticles, were monitored before, during and after the closure. Every five seconds, the
Condensation Particle Counter (CPC) counted the number of UFPs per cm³ at a carefully
selected fixed location about 140 m from the runway. UFPs entering the measurement
container cannot, unfortunately, be directly attributed to their source. In an attempt to counter
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this problem, this study estimates the effects of landing and take-off (LTO) as well as
construction activity on levels and profiles of particle number concentrations in the weeks
before, during and after the closure and reconstruction of the runway.
UFP emissions from aircraft
All turbofan and turboprop aircraft burn kerosene-type fuel and therefore emit UFPs. Particle
concentrations immediately after exiting the aircraft’s engine peak at around 15 nm in size in
lower engine power conditions (≤50 %) and at around 40 nm for higher power conditions
(≥70 %) (Kinsey, 2009). Particles are spatially mobile and change over time. After having
travelled 100 to 300 m downwind, aircraft exhaust plumes contain a nucleation peak of
particles that are mostly smaller than 10 nm with concentrations of about 10⁶ cm-3, and a
condensation peak with particles around 80 nm with concentrations of about 10⁵ cm-3
(Herndon et al, 2008; Zhu et al, 2011; Lobo et al, 2012; Mazaheri et al, 2013; Timko et al, 2013;
Lobo et al, 2015). Peak concentrations surpass 2·10⁶ cm-3 at about 150 m, and 3·10⁵ cm-3 at
up to 750 m from the runway at medium-sized commercial airports, compared to an urban
background of 5·103 cm-3 to 5·104 cm-3 (Morawska et al, 2008; Press-Kristensen et al, 2012;
Møller et al, 2014; Peters et al, 2016; Ren et al, 2016; Stafoggia et al, 2016; Vorage et al, 2019).
Based on short-term variations in particle number concentrations, engine power settings of
individual planes can be deduced during LTO activity (Vorage et al, 2019). When conventional
kerosene is replaced by biofuel for aircraft propulsion, particle number concentrations can be
reduced, but significant challenges remain and the use of biofuel remains limited in practice
(Moore, et al, 2017; Wang et al, 2019). As aircraft are a source of noise and particle matter not
only during LTO activities proper, the city of Salzburg along with the airport authority operates
a permanent, spatially embedded, NoiseDesk® monitoring system (EMS Bruel & Kjaer,
Melbourne, Australia) that continuously allocates acoustic data to positions along the main
flight routes from and towards the airport.
UFP emissions from construction activities during runway closure
Construction processes involving concrete generate UFPs. Impact demolition and recycling
of dry materials cause a local increase in UFP concentrations by about 2·10⁵ cm-3 (Kumar et
al, 2012). In close proximity to the activity, cutting concrete results in concentrations that
average more than 7·10⁵ cm-3 and peak above 2·106 cm-3 (Azarmi et al, 2014). During certain
phases of the abrasion and pouring of concrete, average and maximum concentrations surpass
1·10⁵ cm-3 and 1·106 cm-3 respectively (Bujak-Pietrek and Mikołajczyk, 2019). These particles
can indeed be caused by the construction activity itself, as UFPs with diameters of less than
30 nm can be created by mechanically fracturing concrete (Jabbour et al, 2017). Moreover,
construction sites tend to involve the use of heavy vehicles. Clearly, diesel trucks emit UFPs
as well (e.g. Zhu et al, 2002; Herner et al, 2007). As a result, some level of UFP emissions could
be expected from multiple sources that were spatially linked to the runway reconstruction
work.
A poorly regulated health hazard
UFPs are abundant in number but have small total mass. Because emissions regulation is
historically built around limits on mass, UFP concentrations have remained largely
unregulated. Unfortunately, this does not mean that they are harmless (see e.g. Gatti and
Montanari, 2015). Airborne UFPs are capable of entering the body and circulating around the
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body. As a result of their small size, UFPs can enter the alveoli and pass through cell
membranes while circumventing defence mechanisms like phagocytosis (Obersdörster et al,
2005; Bakand et al, 2012; Loane et al, 2013; Lu et al, 2015). Therefore, they can spread through
lung tissues and organs such as the heart, liver, kidney and brain (Oberdörster et al, 2004;
Kreyling et al, 2010; Yacobi et al, 2011) and even the central nervous system (Kleinman et al,
2008; Kreyling et al, 2013). While moving throughout the human body, UFPs can severely
damage the immune and nervous systems, can cause inflammation, can negatively affect organ
and cellular functions (e.g. mitochondrial activity), can damage DNA, and can pass to the foetal
side of the placenta to pose a threat to the foetus during pregnancy (e.g. Bakand et al, 2012;
Bové et al, 2019; Lu et al, 2015; Miller et al, 2017; Ulvestad, 2007). As UFPs are more abundant
and collectively exhibit larger surface area than larger siblings, they interact with organic
chemical structures relatively easily, especially inside the human body (Seinfeld and Pandis,
2016). It will come as no surprise, then, that increased exposure to UFPs is widely believed to
reduce life expectancy (Hoek et al, 2010).

2

Methodology

Sampling equipment
Particle concentrations were measured using a condensation particle counter (CPC). CPCs
employ a condensation principle whereby heated n-butyl-alcohol vapours are mixed with the
nanometre-sized aerosol cloud. A condenser ensures that the supersaturated mixture provides
rapid condensation onto the particle fraction. This has the effect of enlarging the aerosol
sufficiently for a laser in the visible range to be used to screen the particles, to provide a clear
signal.
A CPC of model 5421 (Grimm, Ainring, Germany) was used. This high-accuracy nanoparticle
counter has a short response time allowing for reliable counting of concentrations up to 10⁷
particles cm-3. Particle concentrations were registered at five-second intervals, stored using
specialized software, and exported into an Excel® spreadsheet. It should be noted that all
CPCs have a range (smaller particle concentrations) in which each particle is counted
individually, and another range (higher particle concentrations) in which this is no longer
possible and concentrations are estimated photometrically using the Beer Lambert law. The
switching point from individual to photometric measurements is at 1.5·10⁵ particles cm-3. It is
important to realize that although ultrafine particles can be counted using a CPC, they cannot
directly be attributed to their source. Due to the design of the measurement container, the
sampling hose inlet of the CPC 5421 is about 2 m long and has a diameter of 40 mm. It
therefore required an auxiliary pumping system (60 L min-1) to route the sampling air through
the chimney towards the extracting slot for the sampling instrument, at a flow rate of
1.2 L min-1. The temperature in the measurement containers housing these instruments was
maintained at 20° C to 24° C. Detailed information on the sampling equipment, including
schematic representations, can be found in the Appendix, ‘Operating principles of aerosol
particle counting’, at the end of this paper.
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Sampling site
Salzburg airport (SZG) is located about 3 km to the southwest of the city centre, adjacent to
highway A1. The Innsbrucker Bundesstrasse (local road B1) passes under the runway via a
tunnel (see Figure 1). SZG has a single runway in direction 15 / 33 NS (or 150° / 330°) with
a length of 2750 m, a stop-way of 100 m and a width of 45 m. The direction of the runway
enables aircraft to take off and land against the prevailing winds (see Figure 2). SZG is
comparatively small, with 18,457 landings and take-offs by commercial airlines in 2018
(Salzburg Airport, 2020). In addition, a large number of private flights are undertaken at SZG,
with private landings and take-offs totalling 36,759 in 2016 (Vorage et al., 2019). The fixed
sampling site was located approximately 140 m to the southeast of the runway. The site was
carefully chosen as the better of two possible locations, one on each side of the runway, based
on a previous investigation (Vorage et al, 2019). The site had to satisfy two important
requirements: i) the air-conditioned measurement container is fitted with various high-tech
instruments requiring a reliable high-capacity power supply; ii) for safety reasons and to
minimize potential acts of vandalism, it is operated from inside a fenced area. Other locations
considered were not close enough to the runway, and because the runway operates in both
directions (150° to 330° or 330° to 150°) they would not have allowed appropriate monitoring
of spatially distributed exhaust aerosols.
Airport development and runway reconstruction
The airport was opened at its current location in 1926, since when it has been expanded and
modernized multiple times. A significant extension of the runway was undertaken in the 1960s.
A second terminal building was added in 2003 to be able to better handle peak traffic during
the winter holiday season. The runway at SZG was reconstructed in April and May 2019,
leading to the airport’s closure for five weeks from 24.04.2019 to 28.05.2019 (Salzburg Airport,
2019).
Noise Desk data and LTO activity
The flight routes for each individual flight at SZG can be combined into a single map using
the permanent spatial NoiseDesk® monitoring system (EMS Bruel & Kjaer, Melbourne,
Australia). Such a map was plotted for three individual 24-hour periods of flight movements
(from 0 h in the morning to 24 h (midnight)). The three days shown here represent typical days
before, during and after the airport closure for reconstruction: 24.04.2019 (Figure 3a; before
closure), 15.05.2019 (Figure 3b; during closure) and 30.05.2019 (Figure 3c; after reopening).
The closure of the airport inhibited any form of LTO activity, reducing associated UFP
emissions to almost zero, while the nearby heliport was still in operation (see Figure 3b),
generating some aircraft-related exhaust aerosols.
Construction activity and UFPs
The absence of airplane-related LTO activity does not imply a complete absence of ultrafine
particles coming from the airport site. For example, approximately 115 kt of asphalt in four
layers were needed for the top cover of the 45 m wide, 2850 m long runway, which was
supplied by a constant flow of trucks (on average one every three mins). This four-layered
stratum is porous enough to facilitate rapid rainwater draining, which makes runway grooving
and the associated generation of dust obsolete (Agrawal & Daiutolo, 1985). The increase in
particle concentration of 1,000 to 2,000 cm-3 (06–23 h mean value) as observed at the
measurement site was attributed to high material turnover and the use of heavy machinery,
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which was limited to 06:00–22:00. Only low-level noise-generating tasks (electrical wiring,
installation of above-ground lighting sources, etc.) took place during the night hours, these
same activities also being less generative of UFPs.
Limitations and study design
UFPs are very small, with a diameter up to 100 nm. They can be counted using elaborate and
expensive technical equipment, but cannot be traced back to their source. Using a single
carefully positioned, stationary measurement container (Vorage et al, 2019), particle
concentrations were measured every five seconds in the weeks before, during and after the
airport closure. The measurement container was located immediately outside the airport’s
safety perimeter. In this way, UFPs were counted as close as possible to normal LTO and
construction activity. Nevertheless, because of the particles’ small size, wind may carry UFPs
towards or away from the measurement container. Therefore, the direction and speed of
prevailing winds were taken into account when interpreting particle concentrations. This setup
was chosen in order to obtain a more reliable estimate of the effects of LTO activity, as well
as of the effects of different phases of the reconstruction process on particle concentrations
at SZG.

Figure 1: Satellite picture of Salzburg Airport during the reconstruction of the runway with sampling site
(O) to the southeast of the runway (SAGIS Maps, accessed on 11 October 2019). When the wind was
blowing from 170° to 335°, particles resulting from activities on the runway could be registered at the
sampling site.
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Figure 2: Simulated 3D-perspective in the direction 150°, showing the runway at SZG (accessed on 16
April 2020). Prevailing winds blow in both directions through the Salzach Valley, as shown by the
superimposed arrow (modified Google Earth image).

Figure 3a: LTO activity at SZG on 24.04.2019 (OpenStreetMap), monitored via the NoiseDesk® datagathering system coupled to permanently installed sensor stations. Inbound flights in red, outbound
flights in green highlight the wider airport neighbourhood subject to airplane-based aerosol exposure.
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Figure 3b: LTO activity at SZG on 15.05.2019 (OpenStreetMap), monitored via the NoiseDesk® datagathering system coupled to permanently installed sensor stations. Inbound flights in red, outbound
flights in green. The presence of flight data during runway closure relates to helicopter activity at the
nearby heliport, which explains the irregular shapes of the flight routes.

Figure 3c: LTO activity at SZG on 30.05.2019 (OpenStreetMap), monitored via the NoiseDesk® datagathering system coupled to permanently installed sensor stations. Inbound flights in red, outbound
flights in green highlight the wider airport neighbourhood subject to airplane-based aerosol exposure.

Satellite images of airport reconstruction
The reconstruction of the runway at SZG was captured by satellite images, some of which are
presented here. Due to the length of the runway and the tight schedule for completing the
work, different kinds of activity took place simultaneously at different locations.
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Figure 4a (left): Satellite picture of Salzburg Airport during the reconstruction of
the runway (Google Maps, accessed on 11th of October 2019).

Figure 4b: Satellite picture of work on the runway’s bitumen layer (Google Maps,
accessed on the 11th of October 2019).

b

c

d

Figure 4c: Satellite picture of work on the runway’s drainage system (Google
Maps, accessed on the 11th of October 2019).

Figure 4d: Satellite picture of work on the south-eastern end of the runway
(Google Maps, accessed on 11th October 2019).

131

Vorage et al

3

Results

SZG operates daily from 6 h to 23 h. The construction site was operational from 6 h to 22 h.
To allow comparison between periods of normal airport operation and runway reconstruction,
data from 6 h until 23 h is represented in the summary statistics consistently. The entire period
of analysis runs from 03.04.2019 until 18.06.2019. It includes three weeks both before and
after the five-week runway reconstruction period.
The CPC was permanently located at the sampling site and continuously measured particle
concentrations at five-second intervals. Short interruptions occurred during pre-construction
(04.04.2019: 10:06:25 to 10:38:25; 23.04.2019: 13:34:35 to 13:40:55), during construction
(25.04.2019: 8:22:35 to 8:23:00; 27.04.2019: 07:02:55 to 07:03:00; 07.05.2019: 13:21:15 to
13:21:20; 10.05.2019: 07:10:35 to 07:10:40 & 07:29:05 to 07:29:10; 14.05.2019: 08:07:05 to
9:19:55), as well as during post-construction (03.06.2019: 06:02:50 to 06:03:00; 17.06.2019: at
22:04:25 only).
Table A: Summary of statistics of particle numbers at five-second intervals between 06:00:00 and
23:00:00 for the three-week period before, the five-week period during, and the three-week period
after construction.
Sample
Aerosol counts

Three-week
period before
construction

Average

Median

Minimum

Maximum

-3

-3

size
-3

-3

Standard

Wind to

Deviation

CPC

(n)

(cm )

(cm )

(cm )

(cm )

(cm )

(% time)

256,863

6,665

4,274

393

285,700

9,982

32.24

427,804

4,548

3,440

461

2,173,000

8,386

50.12

257,756

7,251

5,180

950

258,900

10,803

41.36

-3

03.04.2019 –
23.04.2019
Five-week
period during
construction
24.04.2019 –
28.05.2019
Three-week
period after
construction
29.05.2019 –
18.06.2019
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Table B: Overview of wind speeds towards the sampling site measured at half-hourly intervals between
06:00:00 and 23:00:00 for the three-week period before, the five-week period during, and the threeweek period after construction. Wind speeds are given in metres per second (m s-1).
Wind towards CPC (170° - 335°)
Wind
direction and
speed

Three-week
period before
construction

0-1 m s-1

1-2 m s

-1

2-4 m s

-1

Other
4-6 m s

-1

6-8 m s

-1

8-12 m s

-1

directions

(%)

(%)

(%)

(%)

(%)

(%)

(%)

6.94

12.11

11.84

0.95

0.00

0.41

67.76

4.16

13.96

21.71

8.41

0.82

1.06

49.88

2.45

13.20

17.41

5.71

1.63

0.95

58.64

03.04.2019 –
23.04.2019
Five-week
period during
construction
24.04.2019 –
28.05.2019
Three-week
period after
construction
29.05.2019 –
18.06.2019

Average and median particle concentrations were much lower during construction compared
to those during airport operation before or after construction. Winds that increase the spatial
mobility of UFPs towards the sampling site were more prevalent during construction, with
winds speeds mostly ranging from 1 to 6 metres per second (m s-1), implying that the
difference may be even larger than shown here. In addition to wind direction and wind speed,
further meteorological conditions should be considered. Prior to the runway closure, the
month of April was relatively mild and largely dry. The month of May, when the bulk of the
reconstruction activity took place, was the coolest May for the last 200 years and experienced
above-average rainfall. The period was characterized by unstable weather and good air mixing,
which resulted in below-average pollutant concentrations at a reference site within the city of
Salzburg that captures emissions from road traffic. In particular, the level of particles with a
diameter of 10 μm or less (PM10) and 2.5 μm or less (PM2.5) were low compared to the May
measurements of previous years (Kranabetter, 2019). After SZG was re-opened to air traffic,
June was one of the warmest Junes on record for the last 200 years, with above-average
sunshine and below-average precipitation.
In line with the presence of short-lived peaks associated with LTO activity during airport
operation, the standard deviation and the difference between average and median particle
concentrations were lower during the construction period. Interestingly, the highest particle
concentrations were registered during two events of the runway restoration: one was
attributable to the asphalting work (which is always associated with high hydrocarbon
emissions); unfortunately, we are unable to retrospectively deduce what source caused the
other maximum.
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Table C: Summary of statistics for particle numbers at five-second intervals between 06:00:00 and
23:00:00 for the different construction phases (Salzburg Airport, 2019). Note that some of the phases
overlap due to the length of the runway and the tight schedule for the runway reconstruction.
Aerosol counts
during
Construction
(sub)phases
Installing fourlayer asphalt
stratum

Sample

Average

Median

Minimum

Maximum

-3

-3

size

Standard
deviation

-3

-3

(n)

(cm )

(cm )

(cm )

(cm )

(cm-3)

305,404

4,837

3,461

483

2,173,000

9,765

48,378

4,953

3,494

483

744,100

11,082

121,818

4,809

3,556

461

2,173,000

13,661

85,680

3,819

3,283

1,234

196,500

2,571

24,480

3,540

3,159

1,234

196,500

3,235

24.04.2019 –
18.05.2019
Drilling and
cabling for LEDlighting, removing
upper bitumen
layer
12.05.2019 –
15.05.2019
Installing
markings and
borders,
landscaping
13.05.2019 –
22.05.2019
Testing and
finalizing site
before usage
22.05.2018 –
28.05.2019
Official approval,
test flights, reestablishing
security perimeter
27.05.2019 –
28.05.2019
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Table D: Overview of wind speeds towards the sampling site measured at half-hourly intervals between
06:00:00 and 23:00:00 for the four-week reconstruction period and the single week of testing and
finalizing the runway. The official project description allocates 22.05.2019 to both project phases
(Salzburg Airport, 2019). Wind speeds are given in metres per second (m s-1).
Wind
direction
during
construction

Other

Wind towards CPC (170° - 335°)
0–1 m s

-1

dir-

1–2 m s-1

2–4 m s-1

4–6 m s-1

6–8 m s-1

8–12 m s-1

(%)

(%)

(%)

(%)

(%)

(%)

3.84

12.71

20.30

9.46

0.99

1.28

51.43

5.31

21.63

31.43

2.86

0.00

0.00

38.78

(%)

ections

Runway reconstruction
24.04.2019 –
22.05.2019
Testing and
finalizing
22.05.2019 –
28.05.2019

Particle concentrations were higher during runway reconstruction from 24.04.2019 to
22.05.2019 than during testing and finalization (22.05.2020 to 28.05.2020). A higher prevalence
of winds blowing towards the test site in the latter phase implies an underestimation of this
difference (see Table D). Construction work involves the removal of existing runway
infrastructure, drilling, landscaping, etc., with the accompanying movement of construction
vehicles and up to 300 lorry-loads of construction materials having to be transported per day.
These activities generate significant particle matter. Finalizing the runway, testing it and
obtaining official approval do not require movements of significant numbers of vehicles. On
the other hand, test flights result in sporadic short-lived peaks with high particle
concentrations. If we compare the last week of airport closure to the four weeks of
reconstruction preceding it, we see that construction activity increases UFP concentrations by
an estimated 1,000 to 2,000 cm-³ on average. In a similar fashion, comparing UFP
concentrations during the last week of the airport closure with the concentrations during
normal airport operations offers the best opportunity to estimate the particle contributions of
LTO activity at 3,000 to 4,000 cm-³ on average. Both estimates are likely to be on the
conservative side, because most often the wind was blowing towards the sampling site during
the period of testing and finalizing the site, which was used as a base-line because particle
concentrations were at the lowest level (construction is completed and LTO activity remains
limited to very few test flights at most).
To obtain further insights into the effects of the airport closure and runway reconstruction on
particle concentrations, observe the particle concentration profiles during the week that
included the closure of the airport (Figure 5), and the week during which the airport re-opened
(Figure 6).
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Figure 5: Particle numbers registered at the sampling site from 00:00:00 on 21.04.2019 to 24:00:00 on
27.04.2019. The runway was closed for reconstruction at 00:00:00 on 24.04.2019 (dashed line). Before the
closure, the airport operated daily from 06:00:00 until 23:00:00. After the closure, the construction site
was active daily from 06:00:00 until 22:00:00. During the periods marked by the black line at the bottom
of the graph, the wind was blowing in the direction of the sampling site (170° – 335°).

Short-lived peaks in particle numbers typically associated with aircraft activities are clearly
visible during airport operating times before the closure. These only occur when the wind is
blowing from the runway towards the sampling site. After the closure of the runway, no such
peaks are seen, even during winds towards the sampling site. Construction activity leads to
particle concentrations of above 50,000 cm-³. These are higher concentrations than can be
attributed to flows of commuter traffic on roads A1 and B1 (see Figure 5). This is corroborated
by particle concentrations just before the reopening of the airport. Even with winds towards
the sampling site, particle concentrations tend to stay below 10,000 cm-³. During the two days
before the reopening, four or five sharp spikes can be distinguished. Given their shape, it is
very likely that these were caused by test flights. After the reopening of the airport, the number
of LTO-related spikes increases dramatically during winds towards the sampling site. A few
such spikes even occur without the proven presence of such winds, which were measured only
at half-hourly intervals (see Figure 6). Throughout the night, particle concentrations are low,
no matter the wind or the operationality of the airport.
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Figure 6: Particle numbers registered at the sampling site from 00:00:00 on 26.05.2019 to 24:00:00 on
01.06.2019. The runway was reopened at 00:00:00 on 28.05.2019 (dashed line). Before reopening, the
construction site was active daily from 06:00:00 to 22:00:00. After reopening, the airport operated daily
from 06:00:00 to 23:00:00. During the periods marked by the black line at the bottom of the graph, the
wind was blowing in the direction of the sampling site (170° – 335°).

4

Conclusion

The closure of the runway at Salzburg Airport (SZG) for reconstruction during spring 2019
created a unique opportunity to evaluate the differences in numbers of airborne particles
between no-flight conditions and normal LTO activities. Despite the comparatively small
number of landings and take-offs at SZG, the measurements in this study suggest an air-traffic
related impact that amounts to an average of 3,000 to 4,000 particles cm-3 during airport
operations at our sampling site, about 140 m from the runway. The typical short-lived peaks
associated with LTO activity disappeared during the construction work, other than for a few
test flights shortly before the airport was reopened. Aircraft emissions are not geographically
limited to LTO activity at the airport itself; they persist over the approach and take-off flight
routes at SZG. The measurements were conducted at a single location at ground level and are
not readily transferrable to large geographical areas due to the three-dimensional movement
of the particle sources (i.e. aircraft) and complicated particle dynamics over space and time.
Construction activity increased concentrations by about 1,000 to 2,000 cm-3, as measured at
the same location. Both estimates are expected to be on the conservative side due to the
prevailing winds during our measurements, which greatly affect the spatial distribution of the
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exhaust plume. Moreover, LTO activity at SZG tends to be significantly lower in spring than
in winter, the latter being related to the peak skiing season.
In the context of the current debate around emissions and climate change in relation to aircraft
and construction sites, these findings add new information to help improve decision-making
processes. The findings are particularly important in light of the lack of regulation surrounding
UFPs. The current gravimetric limits are not effective in regulating them, because UFPs are
large in number and small in mass. Such regulations are designed for use at European level,
but foremost for road traffic-related exhaust (e.g. EuroLex, 2019). Aviation emissions are
currently being assessed as part of the EU’s H2020 research programme (Aviator, 2020). If
regulatory limits prove to be difficult to impose, a legal framework for active measurement
could at least be put in place. To improve local knowledge and decision making, we
recommend extending fixed air-monitoring stations to include UFP counters, such as the one
at SZG, at all airports.
During airport operation, landing fees could reflect the (expected) effects of specific LTO
activity on air quality, as different types of aircraft and fuel as well as engine settings generate
different emissions (Kinsey, 2009; Moore et al, 2017). Because wind speed and direction affect
the distribution of the emission plume (Vorage et al, 2019) and weather conditions affect
particle dynamics (especially during winter by facilitating the formation of inversion layers and
increased particle number concentrations at ground level; Janhäll et al. (2006)), LTO-related
emissions for a given aircraft can be deduced by statistical inference. In the longer term, the
number of scheduled flights of a specific aircraft type (and engine) would yield a dataset that
could provide an airplane-specific emission factor and its landing-fee category.
During airport (re)construction, further measures could be taken to limit the impact of UFPs.
Trucking routes could be adapted to reduce local residents’ or workers’ exposure to UFPs. Air
inlets of airport ventilation systems should include modern, well-serviced filter systems
(Stephens and Siegel, 2013) because outside air is used for ventilation (Morawska et al., 2009;
Quang et al., 2013). Although further measurements would be needed to determine the
optimal setup, ventilation inlets could potentially be positioned at locations that exhibit
relatively low particle numbers. Moreover, ventilation systems could include air-monitoring to
actively adjust the mixing of inside and outside air, as well as to take air from a variety of inlets.
This could be particularly effective in an airport setting, given that UFP concentrations at
airports fluctuate heavily in relation to LTO activity.

Appendix
The next few pages will briefly highlight the basic components for accurate and reproducible
aerosol-counting under fluctuating meteorological outdoor conditions. The entire sampling
line, consisting of sampling pipe and Condensation Particle Counter (CPC) along with other
environmental monitoring systems, is housed in an air-conditioned container (see Figure 7),
which is kept at a constant temperature of 20° C throughout the measurement campaign.
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Figure 7:
Setup of the aerosol measurement unit
within the air-conditioned container,
showing the CPC-5421 unit with the
attached sampling pipe and data
processing unit.

Dehumidification (Permature stage)

Figure 8:
Schematic representation of the core unit consisting of CPC5421 with attached dryer stage. As other environmental
measurement devices in the container are also fed with outside
air, a collection chimney (throughput 60 L min-1, supplying all
instruments) was installed on the container. An enlarged section
of the inlet with permapure dryer is depicted to the right of the
entire unit.
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The relative humidity (rH) and outdoor temperature (T) are recorded by appropriate rH- and
T-sensors. Sample air entering the measuring unit via the sample inlet (see Figure 8) is routed
past a permapure dryer (consisting of a Nafion-membrane) straight towards the CPC. Once a
threshold rH-value of 55 % is exceeded, the drying stage is activated autonomously. Once it
drops below 55 %, the dryer is deactivated. Aerosol drying is essential particularly during the
warmer months of the year as the fairly cool conditions within the measurement unit would
inevitably result in condensation, flooding the sampling line with significant amounts of water
that could damage sensitive parts of the sampling equipment.
The main advantage of dehumidifying air with Nafion is that sample air is not heated. Thus,
drying takes place at almost the same temperature as counting the aerosol particles, thus
avoiding degassing of volatile organic carbons even before the measurement cell is reached.
As outlined in the upper part of Figure 9, dried air flows in the opposite direction, on the
outside of the Nafion-membrane, which separates it from the aerosol sample flow. Aerosol
drying using a Nafion membrane is achieved by generating a pressure gradient across the
membrane. This gradient is obtained by mixing 1.2 L min-1 of exhaust air from the system
(sample out) with 1.8 L min-1 of room air (inside air); in a second step, it is filtered and sucked
through a critical orifice (needle valve) via a vacuum pump. The counter-flow of this sleeve of
clean, dry air assures that the removal of residual humidity from the sample air occurs steadily
and at the same time avoids the accumulation of humidity along the Nafion-membrane. Nafion
consists of a fluorocarbon backbone dotted with sulfonic-acid side chains that exhibit three
distinct properties:
i)
ii)
iii)

acts as acid catalyst due to the strongly acid properties of the sulfonic acid group;
functions as an ion exchange resin when exposed to solutions;
readily absorbs water, from the vapour phase; i.e. each sulfonic acid group will
absorb up to 13 molecules of water. The sulfonic acid groups form ionic channels
through the bulk hydrophobic polymer enabling water to be readily transported
through these channels.

Once the water has passed the membrane, a vacuum pump routes the moisture to a
condensation drain, where it is released to the exhaust outlet.
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Figure 9: Block diagram of the principal components of the sampling unit consisting of Nafion-dryer
stage and CPC detection unit.
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The dried sampling air is then routed towards the actual measurement unit (lower part of
Figure 9), where various auxillary sampling lines are embedded. These are necessary to flush
the system with clean air, enable repetitive self-test modes along with zero-check count modes
at regular intervals, and continously monitor the flow through the pipeline. These additional
modes are necessary in order to maintain a calibrated count mode throughout the entire
operation of the system. Once these control parameters are within a given tolerance window,
the dried aerosol is routed into the CPC, where the actual counting takes place.

Condensation Particle Counter (CPC)
The working principle of a CPC (Grimm, 2020a; Grimm, 2020b; Grimm, 2020c) is basically
identical to an optical particle counter (OPC). However, owing to the fact that the optical
detection uses a laser operated in the visible size range, this would imply that only particles
>250 nm would be detectable. Sensing particles as small as 5 nm requires an additional pretreatment of the coarse aerosol prior to counting. As shown in Figure 10, this can be achieved
via a condensation technique using an alcohol that works with both hydrophilic and
hydrophobic aerosols.

Figure 10: Basic functional units of the CPC-5421 unit.

The sample air flow is first routed through a saturation chamber. It consists of a n-butylalcohol-saturated felt that is heated to a constant 36° C. This temperature assures saturated
conditions within the saturator stage of the CPC, where both aerosol and alcohol vapour can
mix properly. To induce particle growth via heterogeneous condensation, the aerosol-alcohol
vapour is chilled down to 10° C in the condenser stage of the CPC. Rapid cooling (maintained
via the constant aerosol flow of 1.2 L min-1) assures that alcohol condenses onto the nm-sized
aerosol fraction within the condenser’s chimney, generating m-sized particles that can be
easily detected within the optical particle counter unit. To do this, the enlarged aerosol is routed
through a nozzle that generates a train of aerosol particles, which feeds directly into the downstream OPC-unit (see below).
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Principle of Optical Particle Counting (OPC) within the CPC
A tiny aerosol stream leaves the condensor stage via a stainless-steel tube (di=3 mm) and
interacts with an orthogonally positioned laser beam (see Figure 11). Since the laser is
orthogonally aligned, the detector array will not be blinded by the light coming from the laser
beam. Only aerosol-induced scattered light will reach the detector. In order to enhance the
detection threshold, a mirror is used to increase yield. The count rate is derived from the
number of particles and the volume flow rate.

Figure 11: Particle counting via scattered laser light

Depending on aerosol concentration, two counting modes are used in the CPCs: the single
particle count mode, which detects single scattered light pulses, is predominant for low particle
concentrations (<1.5·10⁵ cm-3). The photometric mode, on the other hand, detects an aerosol
cloud and becomes the dominant counting mode at high aerosol concentrations
(> 1.5·10⁵ cm-3). The single counting mode represents an absolute count mode, whereas the
photometric mode is a nephelometer-like absorption mode that requires empirical calibration.
There is a transitional regime close to the switching point in which both modes are active and
the particle concentration is calculated based on both modes depending on their proximity to
the switching point.
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