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Abstract

Master of Science in Environmental Engineering

The impact of aviation emissions on the particle number

concentration and particle size distribution

by Horim Kim

Aviation emissions are considered a critical source of ultra-fine particles in the vicinity of air-
ports. Numerous monitoring studies explored the characteristics of aviation emissions. However,
the interpretation of observations can be challenging, because aviation emissions can often not
easily be distinguished from contributions from other sources. Developing an air quality model
would be another approach to investigate the aviation emission, overcoming this drawback of
observation. The present study investigates the impact of aviation emissions from Zurich air-
port on a nearby monitoring site by developing a particle number (PN) emission inventory and
simulating aerosol dispersion and its dynamics by computational models. Observational data
from a measurement site near Zurich airport was used for validating the model simulations for
hourly PN concentrations and particle size distributions. According to the emission inventory,
the total annual PN emissions from Zurich airport were 2.09 - 10?4 [particles/year| in 2019, which
was four times higher than that in 2020, 4.78 - 10%® [particles/year], when air traffic was lower
due to restrictions in response to the COVID-19 pandemic. It was found that about 70 % of the
emissions were from the taxiing periods of the aircraft. The model simulations demonstrated
that the aviation emissions could increase the hourly PN concentrations at the considered mea-
surement site by a factor 2-10 above the background concentrations. In addition, the applied
aerosol dynamics model computed particle size distributions and determined that a large portion
of the PN from the aviation emissions were particles with a diameter between 10 and 30 nm.
However, the simulated hourly PN concentrations were only weakly correlated with the obser-
vations. This was because of approximated information used to compute the PN concentrations
in the current model set-up. In particular, limitations were detected in estimating background
concentrations and utilizing empirical PN emission factors to convert the mass of fuel burnt
to the number of emitted particles. Moreover, the study argued that initial conditions on the
dispersion and dynamics model required additional studies to enhance the model performance,
i.e., the hourly spatial distribution of the PN emissions and the particle size distributions of the
aviation emissions at Zurich airport. Nevertheless, the present modeling study well distinguished

the attribution of the aviation emission to the PN concentration at the monitoring station.
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1 Introduction

Adverse health effects of airborne particulate matter (PM) have been widely reported
by many studies [1; 25 B]. Over the years, scientists speculated that the smaller particles
can deeply penetrate into the human body system (i.e., blood stream) and potentially
contain enhanced toxicity due to its higher surface area than larger particles [4]. Hence,
the importance of understanding ultra-fine particles (UFPs), PM with the diameters be-
low 100 nm, has been emphasized since several decades [5; 6} [7]. Due to their sub-micron
size and high mobility, UFPs can cause acute and chronic diseases in the human cir-
culatory and respiratory systems [8; Q). UFPs are not substantial when measuring the
mass concentration of PM, however, they largely account for total particle number (PN)

concentration especially in urban areas [10] and during nucleation events.

Characterizing the sources of UFPs is significant to regulate their emissions, thus
to reduce their impacts on public health. UFPs are primarily emitted from combustion
processes of the vehicles, but they are also formed during nucleation events, converting
from gas to particle in the ambient environment [11]. It is widely known that road-traffic
emissions can be a dominant source of the UFPs in urban environments [6]. Combustion
emissions from gasoline and diesel engines have attracted attention by many researchers
and policy-makers. Nevertheless, emissions from aircraft engines have been given less
attention in urban environments, although they may also critically contribute to UFPs
burdens in these areas. Indeed, the impacts of aviation emissions on the environment are
more extensive than the road traffic. Exhaust gases from the aircraft do not only influence
the surrounding area at the ground level, but they also pollute the troposphere and lower
stratosphere during the cruise |12} 13]. Since the emission during the cruise was more
influential in terms of its expansive route on the globe, it was more highlighted than the
emission in other flight phases in the past. However, with the cleaner urban atmospheric
environments by the air pollution reduction in the last few years, the impact of aviation

emissions near (or at) the airports was getting emphasized.

Previous studies have discovered that aircraft emissions at the airport significantly
affect nearby regions. Several field measurements of PN concentrations were carried out
in the vicinity of airports around the world. For example, at the Schiphol airport [14],
Netherlands, and the Rome-Ciampino city airport [15], Italy, the PN concentration in-
creased three fold at the monitoring site when the wind blew from the airport. The
monitoring site in Netherlands was located 7 km away from the airport, and that in Italy
located beside the airport, 380 m away from the airport centeroid. The particle sizes
during the wind blown from the airport were dominated by UFPs with diameters of 10
- 20 nm. Other studies [16; [I7] at the two airports in South California, United States,

stated that the impact of air-traffic on the PN concentration was more substantial than
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that of road-traffic emission in regions within 1 km from the airport. Moreover, a study
at the Los Angeles international airport [I8] elaborated that aviation emission increases
two fold the indoor PN concentration by infiltrating into the residences. A monitoring
study has also been implemented near Zurich airport since 2019 [I9]. The monitoring
station (Kloten FELD) was located 2 km away from the center of the taxiing area of
the airport and measured PN concentrations and particle size distributions. Similar to
the studies conducted at other airports, the observations in Zurich indicated that the PN
concentrations could increase 2 to 4 fold at times when the wind blows from the airport,

and the median diameter of the particles at these times was less than 20 nm [19].

Numerous studies explored the characteristics of aviation emissions through direct
field observations. However, the observation analysis has a drawback that it might not
specify the source attribution between aviation emissions and other possible sources. For
example in the case of the observations in Zurich, a highly trafficked motorway exists
400 m away from the monitoring station in the same direction as the airport. Hence,
there is the possibility that road-traffic emissions contributed significantly to the high PN
concentrations observed during advection from the airport area. To resolve the drawback
of the field observation studies, developing an air quality model would be another approach
to explore the characteristics of aviation emissions. Several studies have already attempted
to apply air quality models to simulate the impact of aircraft emissions on the surroundings
of different airports. By simulating the plumes from the aircraft engines, the increase of
PM 2.5 concentrations by aviation emission was identified [20; 21]. A chemical transport
model was utilized to evaluate the impact of aircraft emissions on O3 and PM 2.5 in the
troposphere [22]. Moreover, an air quality modeling study was also carried out for the
aviation emission from Zurich airport, and it validated the simulated annual mean PN

concentration with observations [23].

In the present study, the impact of aviation emissions from Zurich airport was inves-
tigated by analyzing hourly resolution PN concentrations and particle size distributions
as observed at Kloten FELD and as simulated by an air pollution dispersion model. Note
that the observations were different from the data utilized in the previous investigation
in Zurich airport [23]. For simulating the atmospheric dispersion of the particles, total
annual PN emission and its spatial distribution at the surrounding areas of the airport
were developed. The PN emission inventory was utilized as area sources of the particles in
the atmospheric dispersion model using a coupled Eulerian and Lagrangian model system
GRAMM /GRAL |24} 25]. Previously, the GRAMM /GRAL model was applied to simulate
the NO, concentration map of 2013-2014 in the city of Zurich, and the study has proved
that the temporal variability of the pollutant was well-documented at various scales [20].
Here, the GRAMM /GRAL model was offline coupled with the Multicomponent Aerosol
FORmation (MAFOR) model [27] to take into account the mechanisms of the aerosol
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dynamics during transport from the source (airport) to the observation location.

2 Materials and Methods

2.1 Monitoring site

Measurements of UFPs have been conducted at an air-quality monitoring site near
Zurich airport since 2019. The monitoring site (Kloten FELD: 47.27° N, 8.35° E, 440
m.a.s.]) is part of the air quality monitoring carried out by the cantons of Eastern Switzer-
land and the principality of Liechtenstein (OSTLUFT) and is situated around 1 km east
of Zurich airport and 440 m east of the motorway A51 [19]. Therefore, the PN con-
centrations strongly depend on wind direction and air- and road-traffic activities. The
location of the monitoring site was moved by 110 m to the northwest on 2020-02-20 (from
Gerlisbergstrasse to Feld). The impact of this shift on the measurement is expected to
be negligible. During the move, however, the scanning mobility particle sizer (SMPS)
for quantifying the PN concentration and its size distribution was replaced from a TSI
3034 to a TSI 3938N89 [19]. The former SMPS was with a Long differential mobility
analyzer (DMA) which measures particles with a diameter greater than or equal to 10
nm and smaller than 500 nm. However, the newer SMPS utilized Nano DMA, which
allowed measuring the diameter from 2.5 nm to 150 nm [19]. PN concentrations and
median particle diameters at FELD were measured as 30-minute mean values. The mea-
surements on other air pollutants (i.e., NO, NOy, SOy, O3) and meteorological variables
(i.e., wind direction, wind velocity, temperature, relative humidity, and precipitation) were
also available. Particle size distributions were also recorded every 30 minutes, containing
diameter(Dp), dN/dlogDp (dN: particle number per bin), and dN for each distribution
bin. The dN/dlogDp was corrected by the penetration rate of inlet and diffusion losses.
Despite the correction, the previous monitoring study [19] reported that the correction
could caused high uncertainties on the measurement, especially for the small particles.
For instance, the particles with a diameter less than 10 nm were lost more than 60 %
in total. Nevertheless, as mentioned above, the observation data from the FELD station
were used for validating the modeling results in the hourly resolution. PN concentration

and particle size distributions were compared with the simulation results.

2.2 Particle number emission inventory

The particle number emission inventory in the current study consisted of two parts:
(1) hourly-resolution PN emissions in different phases of the aircraft movement, (2) high-
resolution (approximately 5 m x 5 m) 3-D spatial distribution of annual PN emission.
First, Automatic Dependent Surveillance-Broadcast (ADS-B) data obtained from the
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OpenSky Network [28] were utilized to produce the spatial and temporal distribution
of the aircraft’s activities (Section [2.2.1)). Second, annual amounts of the fuel burnt by
the aircraft at Zurich airport (M fyeiannuar) Were calculated by using air-traffic statistics
from Zurich airport [29; B0] and the landing and take-off (LTO) emission calculator of
the European Environmental Agency (EEA) [31] (Section [2.2.2). Third, the mass of fuel
burnt was then converted to the annual PN emissions by the particle emission factors fol-
lowing the same approach as in the previous study for the airport of Zurich [23] (Section
. Finally, the annual PN emissions were temporarily and spatially distributed based
on the distributions obtained from ADS-B data in the first step. The basic scheme on
developing the PN emission inventory were illustrated in

Vs

ADS-B Flight
Trajectory DataBase
.

Aircraft Statistics 2
\ Repor Annual amount ‘ Annual PN emission -
p - of fuel burnt

EEA LTO emission ’ T

L calculator ) PN Emission Factor

‘ [ Temporal and Spatial Distribution of Flight Activties PN Emission Inventory

Hourly-resolution
PN emission

( Annual Spatial Distribution J

of PN emission

Figure 1: The flow scheme of developing the PN emission inventory from the reference information.

2.2.1 Flight trajectory database

ADS-B data from the OpenSky Network consists of non-profit, open-access air traffic
control information that provides the individual flight trajectories [28] of most commercial
and non-commercial flights to and from Zurich airport. The present study considered
entire flight data in the year 2019 and 2020 at the surrounding areas of Zurich airport.
The spatial domain was restricted by latitude (47.34° to 47.53° in WGS84 coordinate
system) and longitude (8.48° to 8.64° in WGS84 coordinate system). In addition, the
study only considered the flight trajectories with barometric altitude below 1,346 m.
The air pollutant emission inventory guidebook from EEA [31] indicated that the flight
movements above 3,000 ft (914 m) can be considered the cruise phase. This phase was
neglected in the study because its impact on air quality at the ground level is very limited
due to large vertical dilution of such emissions before reaching the ground [32]. Since
the elevation of Zurich airport is 432 m above sea level [29], 1,346 m (914 + 432 m) was
determined as the maximum altitude for the flight trajectories. The trajectory database
contained the information of timestamp, latitude, longitude, International Civil Aviation
Organization (ICAQO) 24-bit code to identify flight type, speed, heading direction, on-
ground sign, and barometric altitude. Based on the information, the trajectories were

segmented into six phases: taxi, take-off, take-off roll, climb-out, approach, and landing

roll, as shown in [Figure 2|
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After the segmentation, the total residence times of the aircraft (¢,) during the six
phases (p) was calculated for each hour of the year (¢;4, hour index of a year) to gain
the temporal distribution of flight activities. The hourly duration of the residence time
(tr(p,tia)) was later used to distribute the Mpyei annuar to hourly-resolution fuel burnt
(M puethourty) (see Section . Moreover, the geographical information from the ADS-B
data produced the annual spatial frequency maps of the flight activities for each phase,
tr.annual (T, Y, 2, p). The spatial coordinates correspond to a 5 m x 5 m grid of the spatial
domain (x,y) and continuous values of flight elevation from ADS-B data (z). The maps

were further utilized to spatially distribute the annual PN emission.

(a) Cruise

V’
Departure Arrival

Airport elevation

Sea level

I432m

(b)

Flight speed > 20 [m/s]
&

e )
|>: Height changeli: j]| > 20 [m] YES
Arrival — &
AV %(Heightchange[i])<0 —’[

On-ground sign YES
/

YES :
o= | Time from take-off start > 42 [s] NO
YA. {IZ Height changel: ]| > 20 [m]} [ )0 (i)
Departure — &

NO - YES
cos(6)>0.98 [— { Flight speed > 20 [m/s] J—'
&

a0

NO .
Distance from runway < 50 [m] (l)

% (Height change[j])> 0

Distance from runway < 50 [m]

i: a flight height at the beginning of arrival or departure
j : a flight height at the current status
6: flight heading angle (°)

Figure 2: The segmentation of the aircraft fight trajectories: (i) taxi, (ii) take-off roll, (iii) take-off,
(iv) climb-out, (v) approach, and (vi) landing roll. (a) illustrated periods of each flight phase on a flight

trajectory from departure to arrival, and (b) elaborated detailed procedures on the segmentation.

2.2.2 Annual fuel consumption estimation

Zurich airport annually reports the traffic statistics of the number of aircraft move-
ments and their types [29; 0] (see Appendix[Al]). In addition, the aviation LTO emission
calculator from EEA [31] provides comprehensive mass-based emission estimates for dif-
ferent types of aircraft and engine models operated at European airports. It provides the

mass of fuel burnt (My,;) and the mass of emitted gases (i.e., CO, HC, NOx) respectively
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for five phases of flight movement: taxi-out, take-off, climb-out, approach and landing,
and taxi-in. The calculator also considers an airport-specific time duration of each phase
instead of taking the default phase duration values from the ICAO standard. For instance,
the average taxi-in time and taxi-out time were taken from the LTO emission calculator
as 316 and 782 seconds for Zurich airport in 2019, whereas the default values from the
ICAO were 420 and 1140 seconds.

With the two datasets, the annual amounts of fuel burnt (M fyuer annuar) [kg] by aircraft
at Zurich airport for the years 2019 and 2020 were obtained. The traffic statistics did not
contain detailed information on the aircraft sub-types and the engine models. For example,
the report informed that a total of 4,626 Airbus 340 arrived in 2019. However, it did not
provide information on whether these flights were A340-300 with CFM56-5C4/P engines
or A340-500 with Trent 553-61 engines. Therefore, among the multiple types of aircraft
and engine models, the most common model of each aircraft type designated by the LTO
calculator was taken into account in the calculation. Moreover, the LTO calculator only
contains jet engine emission inventories but no data for turboprop and turboshaft engines.
In such cases, the master emission calculator from the same EEA guidance [31] was used
instead of the LTO calculator. At last, 11.7 % of aircraft types in 2019 and 25.4 % in 2020
were unlisted in the airport report (see . These unlisted flights consist of non-
commercial flights (i.e., business flight, private flight, training flight) and other commercial
flights (i.e., sightseeing flight, aerial work flight) [29; B0]. To comprehend these unlisted
flights to the calculation, a scaling factor, fyn.¢, was multiplied to Myer annuar from the
listed aircraft (see Equation . Based on Equation , the M tyerannuar for five phases by
each year were estimated as shown in . Niiight,i s the number of flights for each
aircraft type, and My, (7, p) is the mass of fuel burnt within each phase and aircraft type.

Table 1: Total number of flights per year counted by ADS-B database and Zurich airport statistics.

Traffic statistics
Listed flights Unlisted flights  Total

Year | ADS-B data

2019 253,670 243,105 32,224 275,329
2020 111,511 83,076 28,252 111,328
Mfuel,annual (p) = (Z Nflight,i X Mfuel<i7p)> X funid (1)

Number of total flights in the traffic statistics
Number of listed flights in the traffic statistics

i = aircraft types, funia =
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Table 2: The annual fuel consumption (Mfyer annuar) [kg] in 2019 and 2020 for the five flight phases

calculated from the LTO calculator and Zurich airport statistics.

Year | Taxi-out Take-off ~ Climb-out Approach and Landing  Taxi-in
2019 | 56,617,505 29,578,325 76,250,537 47,493,716 22,873,423
2020 | 19,727,250 10,732,859 27,649,198 17,325,649 7,969,786

The five phases of the aircraft movement in the LTO calculator did not perfectly
corresponded to the segmented phases of the ADS-B data. To adjust the estimated
M tyel annuai(p) to the defined six phases (taxi, take-off, take-off roll, climb-out, approach,
and landing roll), (i) the Myt annua in taxi-in and taxi-out are combined to a M ryer annuai
in taxi period, (ii) the M yer annua in take-off is divided into the M fyer annual for take-off /roll
period and for actual take-off period respectively, and (iii) the M fyer annuar In approach
and landing period is divided into the M fyerannuar for approach period and landing/roll
period respectively. The partition of M fyei annuar from one phase to two different phases,
in case of (ii) and (iii), was implemented based on the annual aircraft residence times in

each phase (see Equation . As a result, the revised annual fuel consumption by the
aircraft (M7,.; annuar) fOr the six phases were taken as given in [Table 3,

k .
_ ztid:1 tr(l» tid)
= - -
Etidzl tT<17 tid) + Ztidzl tr(za tid)

Mfuel,amnual (Z)

i = phase 1 or 2, k = hours per year

Table 3: The revised annual fuel consumption (M7, 4nnuar) [kg| in 2019 and 2020 for the six phases of
the aircraft movements corresponding to segmented ADS-B data.

Year Taxi Take-off roll ~ Take-off ~ Climb-out Approach  Landing
2019 | 79,490,929 13,516,481 16,061,844 76,250,537 21,511,222 25,982,494
2020 | 27,697,036 3,166,226 7,566,633 27,649,198 9,700,964 7,624,686

The M7,.1 annuar @€ then distributed to the hourly values, M7, jour, (Ps tia), based
on the temporal distribution of the flight activities from ADS-B data, ¢.(p, t;q) (see Equa-
tion . The average fuel consumption per second for each phase FF(p) |kg - s~'| was
calculated by dividing M7, ynnua by the default duration of each phase from the LTO
calculator (Ty.r) and the total number of the listed aircraft per year (Npighttor). The
reason for deriving F'F(p) is because the default duration of flight phases in the LTO
emission calculator is different from the actual duration of flight activities from ADS-B

data. Hence, F'F(p) calibrated the effect of default assumption of phases’ duration from
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the LTO calculator. M*%

et hourty (P> tia) was obtained by multiplying t,(p, tiq) [s| and FF(p)
[kg - s7].

__ M*
FF(p) fuel,annual (p)

Tdef X Nflight,tot

M}kuel,hourly(p’ tld) = ﬁ(p) X t?”(p7 tld)

2.2.3 Particle number emission indices and estimation

Previous studies [33}; 34 [35] demonstrated that ambient temperature, fuel sulfur com-
position, fuel aromatic content, and engine thrust level are significant factors influencing
particle number emission from jet engines. In an earlier study by Zhang et al. (2020) [23],
an empirical PN emission factor based on these four parameters (see Equation {4 was de-
veloped, making use of observational data from two aviation emission studies. One study
measured the take-off engine emissions in the Los Angeles International (LAX) Airport
[34], and the other study focused on the fuel compositions and engine emissions measured
by NASA APEX (Aircraft Particle Emissions eXperiment), and AAFEX (Alternative Avi-
ation Fuel EXperiment) I & II [33]. The former study was adapted to estimate the PN
emission in 100 % thrust level, and the latter study was for 4 % and 7 % thrust level.

~3.29 x exp(—0.075 x T'(tiq) + 0.0017 x F(p) +0.017 x A)
B 1+ exp(—0.011 x S + 2.54)
(4)

Eln(-) [10'®- kg™ fuel] is the PN emission factor, S [ppm] is the fuel sulfur content by
weight, T(t;4) [°C] is the ambient temperature in Zurich airport at each hour (¢,4), F(p) [%]

EIn(S,T(tiq), F(p), A)

is the thrust level during the different flight phases, and A %] is the fuel aromatic content
by volume [23]. S and A were constant values selected as 650 ppm and 18 %, respectively,
based on the average fuel composition measured during previous experimental studies at
Zurich airport [36; [37]. For the thrust level, F(p), ICAO standard power settings were
adopted for the taxi, take-off roll, take-off, and climb-out phases, as 7 %, 100 %, 100 %,
and 85 %, respectively [23]. For the other phases, approach and landing/roll phase, both
thrust levels were set as the same value in the taxi period (7 %) because a previous study
at Copenhagen Airport [38] listed that the actual thrust levels during the final descent
could be assumed as the idle engine power settings. Multiplying the PN emission factor

with M7

fuel,hourly

(see Equation [f]).

(p, tia), the hourly-resolution PN emission, P Npoyuriy(p, tia), were obtained
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Pth”'ly<p7 tld) = EIN() X M}kuel,hourly(p7 tld) (5)

The spatial distribution of the annual PN emission, PNgnua(, Yy, 2, p), was another
important result from the PN emission estimation. The annual spatial distribution of the
flight activities for each phase, ¢, annua (%, y, 2, p), were already acquired from the ADS-B
data. Therefore, using Ely(-), the average fuel consumption per second FF(p), and the
trannual(T, Y, 2, D), the PNypnua(z,y, 2z, p) was derived as Equation @

PNannual(za Y, Zap) = EIN() X W(P) X tr,annual<xaya Z,P) (6)

2.3 Atmospheric dispersion model: GRAMM /GRAL

The atmospheric dispersion of the PN emission was simulated by the GRAMM /GRAL
atmospheric dispersion system (Version 19.01) [24;25]. The system comprises two models;
the meso-scale wind field model GRAMM [39] and the Lagrangian dispersion model GRAL
[40]. In the present study, GRAMM produced classified weather catalogues of the wind
fields, stability class, the Obukhov length, and the friction velocity based on the observed
meteorological data (e.g., wind speed, wind direction, stability class) taken from the
MeteoSwiss station Zurich Kloten. Based on the GRAMM calculated wind field catalogue
and the aviation emission inventory, GRAL calculated three-dimensional concentration
fields.

The observed meteorological data for GRAMM in the current study were provided by
the Kloten station near Zurich airport, which is a part of the MeteoSwiss SwissMetNet.
Hourly wind speed and wind direction data from the station were directly utilized by the
model. Stability classes were determined by a modified form of the solar radiation delta-
T (SRDT) method given by the U.S. Environmental Protection Agency [41], which is
recommended in the GRAMM/GRAL guideline [42]. The method estimates the Pasquill-
Gifford stability categories, from A (most stable) to G (least stable), based on the status
between daytime (solar radiation > 20 W /m?) and nighttime (solar radiation < 20 W/m?),
wind speed, solar radiation, and the vertical gradient of the temperatures measured 2 m

and 5 cm above the ground.

A grid system for the GRAMM domain (133 x 83 x 15 cells) was created with a
horizontal resolution of 300 m and 15 vertical levels of layers up to 3,874 m (with the
first layer at the height of 10 m above ground). In this study, an identical source of
topography data as the previous study [23] was utilized, which was taken from the digital
elevation data from the Shuttle Radar Topography Mission [43]. Moreover, the CORINE

(Coordinate information on the environment) land cover data was provided by the Swiss
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Federal Institute for Forest, Snow and Landscape Research (WSL) [44]. In general, the
topography influenced the general wind flow pattern in GRAMM, and the land cover
information determined the heat and water exchanges and surface roughness in the given
area. However, building information was neglected in the model. It was hypothesized that
the dispersion of aircraft emission in an open space of the airport was not significantly
affected by the buildings.

GRAL calculated the atmospheric transport and dispersion of the PN emissions from
Zurich airport to the surrounding areas using the wind field catalogue from GRAMM.
Initially, the spatial distribution of the annual PN emission, PNgynua (2, Y, 2, p), was im-
ported from the emission inventory. The emission maps were considered in GRAL as area
sources in the model domain. GRAL simulated the particle transport of the annual PN
emission maps for different weather catalogues, and the results were converted to hourly
series of the dispersion scenarios by matching each weather catalogue to the weather con-
dition in each hour, and by distributing the annual concentration to hourly concentration
with the hourly-resolution PN emission data, PNpouriy(p,tia). For the general settings
for GRAL, the dispersion time for each simulation was set to 3600 seconds, and the sur-
face roughness was taken from the CORINE land cover data. Moreover, 358 Lagrangian
particles per second were released during a simulation. To create a grid system of the
GRAL domain, the horizontal resolution was set as 20 m, and the vertical dimension of
the concentration layers was set as 3 m. As a result, the two-dimensional concentration
fields (1983 x 1228 matrices) were obtained for each vertical layer. In this study, the
layer of 2 m above the ground was explored and compared to observations. Note that
GRAL calculated the concentration in a layer with the height defined by (the height above
ground) + 0.5 x (the vertical dimension) [42].

2.4 Aerosol dynamics model: MAFOR

The Multicomponent Aerosol FORmation (MAFOR) model was used to simulate the
aging of emitted particles during the simulated atmospheric transport and dispersion.
MAFOR is 0-dimensional aerosol box model which can compute aerosol dynamics and
gas phase and aqueous phase chemistry [27]. Note that the model dimension of MAFOR
is different from GRAMM /GRAL, which generated the aerosol dispersion plumes in 3-
dimension grid system. MAFOR model only calculate the physio-chemical processes of
aerosol dynamics with the given aerosol concentration and model set-up (i.e., initial con-
dition for particle size distribution, meteorological data, model configuration to control
enable/disable certain processes in the simulation). The performance of MAFOR has al-
ready been evaluated in various studies. It was applied to estimate the influence of the
aerosol processes on PN concentration in urban areas [45], to explore the formation of par-

ticles by the nucleation mechanisms in the exhaust of a diesel engine [46], and to simulate
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the formation of nano-particles in the Arctic areas [47]. In the current study, MAFOR
model considered the following aerosol dynamics processes: wet particle deposition, Brow-
nian coagulation, dilution with background particles, Kelvin effect, and condensation (of
vapors, HySOy, organics, and water). As a result, the model generated time-dependent
particle size distributions which allowed to calculate the effect of aerosol aging on the PN

concentrations.

Four meteorological variables (relative humidity, temperature, precipitation, and wind
speed) and the initial particle size distributions were determined before calculating the
aerosol dynamics. Among the meteorological variables, relative humidity, temperature,
and precipitation were applied to determine the dynamics of wet particle deposition,
coagulation, condensation, and kelvin effect. Wind speed was utilized to calculate the
distance how far aerosols travel at a given time. The initial condition for the particle size
distribution of the aviation emission was determined by the emission indices measured
in LAX airport [34]. The measurement examined 275 sampled plumes during the flight’s
take-off phases and produced log-normal fit coefficients for particle number and volume
size distributions. The geometric mean diameters and their standard deviations from all
sampled plumes were used to develop the initial aerosol distributions of the Aitken mode,
and the accumulation mode in MAFOR [48)].

Moreover, the background ambient condition was also included in the model to con-
sider the effect of other atmospheric pollution sources on the aerosol dynamics. Since
no observation data of background ambient PN concentrations in the Zurich area was
available, a support vector machine (SVM) model to estimate the background PN con-
centration from observations at another location was developed. The SVM model was
devised in the previous study [23]. The model was trained using the hourly-resolution
PN concentration from the Basel Binnigen station of the Swiss National Air Pollution
Monitoring Network (NABEL), which is located 1.2 km from the Basel city center and
4 km from the Basel-Mulhouse-Freiburg airport. It was discovered that the measured
PN concentration was not changed by the dramatic reduction of aircraft activities dur-
ing the COVID-19 pandemic, implying that the station experiences only minor influence
from the airport [23]. After the training, the SVM model predicts the background PN
concentration of the Zurich area with four meteorological variables (temperature, rela-
tive humidity, wind speed, precipitation). The particle size distribution of the ambient

background condition was taken from a former study on UFPs in the Zurich area [49].

To couple the 3-D dispersion plume from the GRAMM/GRAL and 0-D aerosol dy-
namics model, it was important to determine the initial PN concentration of the aviation
emission to calculate the aerosol dynamics and the coefficient for computing the dilution

effect of background ambient particles. In the current study, both values were taken from
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the centerline of each plume case taken from GRAMM/GRAL. At first, the dilution of
air-traffic emission plumes by the background particles was approximated by fitting a
power-law function, y = a x 7% (where x is distance, * = wu - ¢, with wind speed, u,
and time, t, and y is concentration) [48]. The plume centerline was defined as the 95 %
percentile concentration on the arc concentric with the airport perimeter (the place within
1.5 km from the airport center, 47.27° N, 8.33° E, 432 m.a.s.1) [23] (see [Figure 3). Based
on this, the PN concentration of the plume centerline was chosen as a representative of
the plume. This centerline fitted to the dilution curve of the power-law function and
produced the dilution coefficient. Initial PN concentration for MAFOR was taken from

the crossing point of the plume centerline and the airport perimeter.
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Figure 3: An example of the PN emission plume generated by GRAMM/GRAL and included aerosol
dynamics by MAFOR (2019-09-17, 17:00:00). The figure illustrates the location of the airport center
(ZRH) and the monitoring station (FELD), as well as the airport perimeter and the plume centerline. The
reference coordinate system shown on the x and y-axis is ETRS89-extended / LAEA Europe (EPSG:3035).

3 Results and Discussion

3.1 Particle number emission inventory
3.1.1 Total annual emission

The annual PN emissions for different flight phases were presented in[Figure 4 Among
the different phases, the PN emitted during the taxiing periods was dominant in both
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years, accounting for about 76.6 % (1.60 & 0.65 - 10?* |particles/year|) of the total PN
emission in 2019 and 66.5 % (4.78 +-1.94-10% [particles/year|) in 2020. In both years, the
emission phase contributing least to total emissions was climb-out, only accounting for
1.69 % and 1.87 % in 2019 and 2020, respectively. Note that the PN emission for the climb-
out and approach phase in the present study might were limited to the relevant spatial
domain of the flight trajectory data and do not represent emissions during each complete
phase. Depending on the flights, the climb-out and approach phase can exist outside
this regional scope. Overall, 2.09 - 10** |particles/year| were emitted from the aircraft at
Zurich airport in 2019, which was about four times larger than the PN emission in 2020,
4.78 - 10% |particles/year]|. demonstrated that the total number of flights in 2020
was dramatically reduced compared to the previous year, undoubtedly because of the lock-
down policies in Switzerland due to the COVID-19 pandemic situation. Interestingly, the
reduction in the aircraft traffic was about 60 %, whereas the reduction of the PN emission
was nearly 80 %. A possible reason for this disagreement between the reduction in traffic
and the PN emission is that the decreasing number of flights was primarily due to fewer
large, commercial (listed) aircraft (see[Table 1). Unlisted flights were usually small jets for
private or business purposes, and their reduction from 2019 to 2020 was only 12.3 %. On
the other hand, the listed flights decreased by 65.8 %. Moreover, the statistics report [30]
pointed out that the most significant decrease among Airbus models was for the largest
flight type, A380, reduced by 77.2 % compared to the previous year. Airbus accounted for
the largest portion in Zurich airport. Hence, it is implied that the size of aircraft types
was a significant factor in the stronger reduction of PN emission as compared to plain

flight numbers.

Uncertainties of annual PN emissions were calculated by error propagation using the
Monte-Carlo approach [50], which was adapted from the previous study [23]. Uncertainty
from the ADS-B data was neglected, as the previous study by Zhang et al. [23] stated
that its uncertainty could be only a level of several meters. Nevertheless, uncertainties in
calculating fuel consumption from the EEA LTO calculator and factors from EI(-) were
assessed. Firstly, a measurement study at Zurich airport found that the difference between
the actual fuel flow rates of the aircraft engines and their certification values were mostly
within 20 % [51]. Therefore, the uncertainty factor for the mass of fuel burnt was set
as a normal distribution frue ~ N(1,0.2/1.96), which would multiplied to the estimated
M3\t hourty (P tia) during the Monte Carlo simulation. Secondly, the uncertainty factor for
the PN emission factor was set as a log-normal distribution LN (fg;) ~ N(1,In(2)/1.96)
by comparing the engine emissions of A320 aircraft types and B737 aircraft types in the
previous study [23]. As a result, the standard deviations of estimating the annual PN
emission for each flight phase were illustrated in [Figure 4 The Monte-Carlo approach

quantified the overall uncertainties of the annual PN emission (regarding all flight phases)
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can be approximately 80 % (at minimum) to 320 % (at maximum) of the mean values, in

both 2019 and 2020.
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Figure 4: Total PN emissions of different flight phases for the year of 2019 and 2020. The error bars

depict the uncertainties of the PN emission estimation derived from the Monte-Carlo method.

The dominance of the taxiing periods in the annual PN emission was primarily due to
the longer duration of the taxiing period compared to the other flight phases (see .
The taxiing period in 2019 was 11.9 times longer than the summation of other phase
periods and 8.6 times longer in 2020. Indeed, the estimation of taxiing time measured
in Zurich airport for a single flight movement was about 18 minutes, while all the other
phases are less than 5 minutes [5I]. To examine the average PN emission rate, the total
annual PN emissions were divided by the total annual duration and the results presented
in [Figure 5| The average emission rates demonstrated that the PN emission rate was
mainly depend on the thrust level of the aircraft engines. The PN emission during the
higher thrust level (100 % for take-off roll and take-off, 85 % for climb-out) was 4 - 10
times higher than that during the lower thrust level (7 % for taxi, approach and landing).

Table 4: Total annual duration [hours| of the flight activities for each phase and total number of flights
per year. The duration and the number of flights were calculated from the ADS-B flight trajectory

database.

Year Taxi Take-off roll  Take-off Climb-out Approach Landing | Total ADS-B flights
2019 | 39613.87 711.96 846.03 94.48 751.08 907.20 253,670
2020 | 10537.55 179.19 428.23 31.50 326.54 256.65 111,511
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Figure 5: Average PN emission rate of different flight phases for the year of 2019 and 2020. The average

values were obtained by dividing the total annual emissions with the annual duration.

3.1.2 Temporal and spatial distribution of the aviation emission

Before the first wave of the COVID-19 pandemic in 2020, Zurich airport emitted on
average 1.74 - 102 [particles/month| (see [Figure 6). PN emissions drastically decreased
during the first and second wave of the COVID-19 pandemic, with only 1.10 - 10?2 [parti-
cles/month| emitted in April 2020 and 1.75 - 10** [particles/month] in October-December
2020. The variation in the aviation emissions would significantly affect the PN concen-
trations and the particle size distributions in the vicinity of the airport. The observation
study [19] identified that the PN concentration when the wind blows from the direction of
the airport, diminished by one-sevenths during the first wave, although this reduction in
the monitoring station were compensated by the relatively less reduced road-traffic emis-
sion. The observation analysis of particle size distributions also showed a large reduction

in particles with diameters less than 20 nm during the same period.
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Figure 6: Monthly distribution of the PN emission and the flight movements at Zurich airport in 2019
and 2020. The period of the first and second waves of the COVID-19 pandemic for Switzerland is defined
here as 2020.02.26 - 2020.04.30 and 2020.10.01 - 2020.12.31, based on [52].
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In addition, diurnal variation of PN emission is depicted in[Figure 7 Due to the noise
protection regulations in Zurich airport, regular flights are not permitted between 0:00
and 6:00 local time [29]. No difference among the seasons was present in 2019, whereas
substantial seasonal differences were found in 2020 due to the COVID-19 pandemic. The

temporal variation and its effect on the simulation results is assessed in Section and

2.0l
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Figure 7: Diurnal variation of PN emission in 2019 and 2020. The variation was averaged for each
season of the year, which was partitioned into spring (March to May), summer (June to August), autumn
(September to November), and winter (December to February). In 2020, winter was divided by the season

before (January and February) and after (December) COVID-19 pandemic period.

Based on the ADS-B flight trajectories, annual spatial distributions of the PN emis-
sions were obtained for different flight phases as shown in [Figure 8 The distribution was
derived on a 5 m x 5 m grid covering the airport and adjacent areas. The spatial distri-
bution confirmed that the flight trajectory database provides highly accurate geo-located

data. The distributions for the taxiing period, [Figure §|(a) and (c), precisely captured all
runways and taxiways at Zurich airport. It is found that the flight trajectory data could

provide sufficient information to specify emission hot-spots inside the airport. Following
the previous study [23], the push-back areas, where the flights are moved by ground-
service vehicles instead of using their own engines to protect the airport facilities from
their emissions, were considered as no emission areas. Moreover, the emissions in take-
off periods were depicted as [Figure §(b) and (d), and they indicated the main routes of
flight take-offs at Zurich airport. The distribution of the all phases including the emission
distributions and their hot-spots are provided in the Appendix [A2]
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Figure 8: Spatial distribution of the PN emission in 2019 and 2020. Among the six flight phases, the
emission during taxiing periods, (a) and (c¢), and during take-off periods, (b) and (d), are presented. The
reference coordinate system shown on the x and y-axis is WGS 84 (EPSG:4326).

3.2 Estimation of particle number concentration

3.2.1 Aerosol dynamics on particle number concentration

Aerosol dynamics are of importance in quantifying the number of airborne particles.
Due to their small particle sizes, the UFPs emitted by aviation tend to quickly coagulate
when the particles interact with each other and with background particles, overall leading
to a decrease in PN concentrations [23]. It should be noted that the amount of PN
emissions and background particles can substantially affect the coagulation. However, due
to the computational costs the current study only explored the aerosol dynamics at the
plume centerline when coupling the GRAMM/GRAL and MAFOR models. In addition,
it was assumed that aerosol dynamics in regions outside of the plume centerline would
be the same as simulated for the centerline, leading to the same relative decrease in PN

concentrations. However, the assumption might provide additional errors in calculating
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the PN concentrations at, for example, the monitoring station. demonstrates the
dilution of the particles from aircraft emissions in the plume centerline with or without
considering aerosol dynamics. The effect of aerosol dynamics, as simulated by MAFOR,
can be examined by the difference between two lines in (b) The figure depicts
that at a distance of 30 km away from the airport, PN concentrations dropped 4-fold when
considering the aerosol dynamics as opposed to inert particles. However, the impact of
aerosol dynamics was dependent on the duration that particles need to reach a certain
location from the initial condition at time of emission. Therefore, the average wind
speed within the plumes plays a critical role in the influence of aerosol dynamics on
PN concentration at a given location/distance from the airport. The monitoring station
near Zurich airport (FELD in [Figure 9|(a)) was located about 419 m away from the airport
perimeter (1919 m from the airport center). The former example of MAFOR calculations
implies that only a small influence of aerosol dynamics can be expected at this location
because the relatively short distance between the station and the airport, which would
not be sufficiently long for considerable aerosol aging. Therefore, the study considered the
distance from the airport center (1919 m) when calculating the effect of aerosol dynamics
at the location of the monitoring station, even though the initial PN concentrations for
MAFOR were taken from the airport perimeter. The influence of aerosol dynamics on the

hourly-resolution PN concentration was also presented in Section [3.2.2]
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Figure 9: The consequence of aerosol dynamics calculated by MAFOR. The figures described the effect
of MAFOR on PN concentration in a specific hour (2019-09-17, 17:00:00). (a) illustrates the location
of the airport center (ZRH) and the monitoring station (FELD), as well as the emission plume, airport
perimeter, and the plume centerline in the period. Figure (b) demonstrated PN concentrations in the

plume centerline with or without considering the aerosol dynamics.

Moreover, describes the spatial distribution of the annual mean PN concen-
trations caused by aviation emissions in the vicinity of Zurich airport in 2019 and 2020.
Despite the significant difference in the aviation emission in 2019 and 2020 due to the
COVID-19 pandemic lock-downs, [Figure 10(b) points out that the air-traffic emissions in
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2020 still strongly impacted the annual mean PN concentrations at the monitoring station
(FELD) by 6.32-10* em ™3, although this was one-third of the value in 2019, 1.82-105 ¢ 3
The differences in the influence of aviation emissions between the two years increased as
the location was more distant from the airport. For example, the aviation emission also
reached the city center of the Zurich, yet the concentration increased only 103 to 103
em ™3 in Zurich main station (Zurich HB in . This level of influence was lower
than typical background PN concentrations of Zurich city center, which were previously

measured as 2 - 101 em™3 [53].
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Figure 10: Annual spatial distribution of the PN concentrations in 2019 and 2020. The concentration
was only derived from the aviation emission and excluded the background concentration, and it was taken
at the level of 2 m above the ground. The location of the airport center (ZRH), the monitoring station
(FELD), and Zurich main station (Zurich HB) are labeled in the figures. The reference coordinate system
shown on the x and y-axis is ETRS89-extended / LAEA Europe (EPSG:3035).

3.2.2 Comparison between the simulation and observation

The observed PN concentration only captured the particles with dynamic diameters
between 10 nm and 100 nm. In order to compare them to model simulations, the latter
were refined to obtain PN concentrations in the same size range. MAFOR produced time-
dependent particle size distributions, which demonstrated the evolution of size distribution
by aerosol dynamics for every 10 seconds from the initial conditions. Considering wind
speeds and the distance between the airport and the monitoring station (1919 m), particle
size distributions were taken from the period when the emitted particles reached the
monitoring station. The simulated distributions were recorded in 120 bins of particle
diameter in the range from 1 nm to 2500 nm. The values in the bins ranging from 10 nm
to 100 nm were considered to calculate simulated PN concentrations that can be compared
directly to the observations. The comparison between the simulated and measured PN
concentration is illustrated in and [I2 Moreover, the shares of PN emission
from each flight phase, which quantified how much they influenced the simulated PN

concentrations in each year, were presented in Appendix
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Figure 11: Scatter plots of simulated hourly PN concentrations from the models versus the measured
hourly PN concentrations from the monitoring station in 2019 and 2020. A heat map was presented to
illustrate the distribution of scatter points in the plots. In addition, the annual mean PN concentration

was given as a red dot.

Zhang et al. [23] compared the simulated annual mean PN concentrations at four
locations in Zurich airport area against observations. They found that simulated annual
mean concentrations were within a factor of 2 of the observed values. Here, the annual
mean concentrations at the measurement site in Kloten are compared separately for 2019
and 2020. Similar to the previous study, good agreement for the annual means was estab-
lished. Both observed and simulated PN concentrations were lower in 2020 than in 2019.
Although meteorological factor may have been responsible for these lower concentrations,
it seems likely that they reflect the impact of the COVID-19 pandemic and that this

impact is captured correctly in the model.
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Figure 12: An example of the time-series of hourly PN concentrations in 2019-10-21 to 2019-10-27. Mea-
sured PN concentrations (Observation), simulated PN concentrations without aerosol dynamics (Simula-
tion without MAFOR), simulated PN concentrations with aerosol dynamics (Simulation with MAFOR)
are depicted.

When comparing hourly mean PN concentrations, the time-series in [Figure 12] demon-
strated that the coincidence of peak locations between the simulation and the observation
was generally corrected. This peak coincidence pointed out two important features: (1)
GRAMM/GRAL reproduced the atmospheric transport from the airport qualitatively
well, and (2) the aviation emission were largely responsible for the PN concentration
peaks. The coincidence of the peak locations were utilized to evaluate the model perfor-
mance quantitatively. Since the observation analysis concluded that the PN concentration
increased 2-4 fold when the wind blew from the airport [19], a criterion to classify peaks
of PN concentration was defined as the values which are four times higher than the es-
timated background concentration. illustrates the confusion matrix of peak
classifications. Overall, 49.3 % of the observed peaks were coincident with the simulation
in 2019, whereas only 25.0 % in 2020. The weaker coincidence in 2020 is thought to be
mainly due to lower aviation emissions and the relatively strong impact of road emis-
sions on the measurements. The simulations did not consider road-traffic emissions at all.
However, a majority of the data points were classified as ‘Non-peak’ in both simulations
and observations, which may indicate that the criterion disregards a considerable num-
ber of smaller peaks. The current methodology regarded as a simple method to evaluate
the peak coincidence. Developing a more sophisticated way to evaluate the simulation
peak coincidence could be helpful in further analysis. For example determine under which

atmospheric conditions peaks are either missed or wrongly predicted by the simulation.
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Figure 13: The coincidence of the peak locations between the simulation and the observation in 2019
and 2020. ‘Peak’ was defined when the hourly PN concentration was four times higher than the estimated

background concentration, and ‘Non-peak’ for the other periods.

Hourly mean PN concentrations also illustrated that little correlation between mea-
sured and simulated results can be seen in either years (see |[Figure 11)). It is speculated

that there are three main limitations of the model that may explain the lack of consistency.

First, the estimation of the background concentration by the SVM model, in which
the values were utilized for MAFOR, could not reproduce the variation of the background
concentration shown in the measurements. This aspect is manifested in as
horizontal clouds in the heat maps, where the simulated PN concentration was around 10*
em ™3, while measured PN concentrations range roughly from 10% to 105 em=3. This can
be seen even more clearly in the scatter plots of the estimated background concentration
without the aviation emission, as presented in Appendix [Ad The estimation approach
to the background concentration was developed by training the SVM model with the PN
concentration and meteorological data from the Basel Binnigen station of the NABEL
network. The rational for using data from the Basel station for the model training was
that: 1) the station was located in a similar environment as the FELD station, and 2)
that the site was not affected by aviation emission. Indeed, the annual mean background
concentration represented a good prediction. Nevertheless, the model might not be utilized
to examine the hourly averaged values. A possible explanation for the deficiency is that
the meteorological variables to estimate the PN concentration would not provide sufficient
information to predict the variation of PN concentration at a different location than that
of the original training dataset. NO, concentrations were included as predictor variables
in the former study [23]. However, it was excluded in the present study because NOy
also emitted from the air- and road-traffic emission and its impact on the background
concentration was deemed a source of error when included as predictor variable. Re-
evaluating the current variables and investigating additional variables (i.e., stability class,

mixing height) would be beneficial to implement a better prediction with the SVM model.
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Second, the simulation over-estimated the PN concentrations, especially peak values.
The difference in the peak periods was illustrated in an example of the concentration
time-series in [Figure 12} The time-series of other periods can be found in the digital sup-
plementary materials. The simulation peaks were 2-10 times higher than the observation
peaks despite the decreases predicted by the aerosol dynamics model. The PN emission
factor (see could potentially cause the over-estimation. The factor originated
from the regression model developed by two studies: measurement of take-off engine emis-
sions in LAX airport and NASA’s laboratory experiment on jet fuel composition. On the
one hand, the field measurement in LAX airport was implemented 400 m away from the
runways [34]. Hence, background particles near the airport can be quantified together
with the jet engine emission. Moreover, the measurement only considered 253 plumes of
the flight take-off in LAX airport, whereas it was reported that the total number of flights
in LAX airport was 691,257 in 2019 and 379,364 in 2020 [54]. The sampled plumes might
not be sufficient to comprehend the emissions from the diverse aircraft types and to apply
their results to Zurich airport. The higher ambient temperature in LAX airport than in
Zurich airport might also affected to the over-estimation. On the other hand, the NASA
experiment examined the PN emission with 15 different fuels with various percentages of
sulfur content, total aromatics, naphthalene, and hydrogen, but they only implemented
it with a single engine type, CFM56-2-C1 [33|. Even though this engine is typically used
by the Airbus A320 and Boeing 737 families, which accounted for 33.2 % of total flights
in 2019 and 34.3 % in 2020 in Ziirich, it might not be representative for the whole fleet at
Zurich airport [29; [30]. It was identified that 49.4 % of the flights in 2019 and 43.6 % of
the flights were aircraft smaller than A320 and B737 families. Thus, using data from the
NASA experiment could produce an over-estimation in quantifying the PN emission. An
ultimate approach to converting the mass of fuel burnt to PN emission of an aircraft has
not yet been established, and there was no such standard that yields satisfactory results.
Nevertheless, the empirical relations in the current study were applicable to distinguish
the levels of the emission impact at a certain location in the near-airport regions. A fur-
ther study to quantify the PN emission by considering other factors would increase the

accuracy of the estimation of the aviation emission.

Lastly, the simulated PN concentrations only examined the particles from aviation
and background conditions, but excluded road-traffic emissions. The FELD station was
close to the motorway A51 (about400 m west of the station). Hence, road-traffic emis-
sions may dominate observed PN concentrations when aviation emissions are either small
(night, lockdown) or did not reach the monitoring site (wind direction). illus-
trates some periods where clear peaks were present in the observations but not in the
simulations, as also indicated by Furthermore, the spatial distribution applied
to GRAMM /GRAL did not consider hourly variations in the emission patterns as they
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would occur in reality. The annual spatial distribution was utilized for the area sources
of the dispersion model, and only the temporal distribution of the flight activities was
considered to develop the hourly-resolution PN concentration. Since the monitoring sta-
tion was close to the airport, the observed PN concentration would be sensitive to the
true location of the aviation emissions. The aircraft types also largely influence the PN
emissions, though the current study did not consider the different types of aircraft in each
hour, but assumed the same average fleet at all times. Developing the dispersion model
with an hourly spatial resolution of PN emissions specific to actual filght data would likely
increase the model’s performance. However, it would come at larger computational costs

and would require obtaining a complete dataset of all flight activities.

3.3 Estimation of particle size distribution

3.3.1 Aerosol dynamics on particle size distribution

presents the impact of aerosol dynamics on the particle size distribution for
two different environmental conditions. [Figure 14|(a) was obtained when the estimated PN
concentration at the field site was a high peak (1.82-10° ¢m=3) and the wind blew from the
airport (wind direction 300°), and [Figure 14(b) was taken from the firss COVID-19 lock-
down period in 2020 when aviation emissions hardly influenced the station. Wind speeds
were considered sufficiently large for aircraft emissions to reach the monitoring station
when selecting periods for the comparison. In the figures, the ‘Initial’ condition of the
distribution was taken from the airport perimeter, which gave the initial PN concentration
to MAFOR. Moreover, ‘Distance’ indicated the distance between the initial condition and

specific locations along the plume centerline.

From [Figure 14{(a), it can be seen that particles with a diameter between 10 and 30
nm contributed a considerable fraction of total PN concentrations when large influence
from aviation emissions was presented. These particles were also significantly influenced
by aerosol dynamics, as the concentrations decreased 10-80 folds by the time the particles
had traveled about 10 km. The reduction could be caused by the coagulation processes
by MAFOR between the particles of nucleation and Aitken mode [48]. On the contrary,
particles with a larger size (D, > 100 nm) were not affect a lot by coagulation. Indeed,
their concentrations were getting slowly larger as the distance increased, which again is
the result of coagulation of smaller particles. [Figure 14|b) illustrates particle size distri-
butions when the impact of aviation emissions was negligible. In general, the background
distribution profile dominated in all distances, and the concentrations increased as the
particles were distant from the airport. Overall, the difference between [Figure 14f(a) and
(b) clearly illustrated the impact of aviation emissions on the particle size distributions as

well as the importance of the aerosol dynamics especially in the case with fresh particle
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Figure 14: Two examples on the evolution of particle size distributions at the plume centerline at
(a) 2019-09-17, 17:00:00 and (b) 2020-04-11, 12:00:00. The simulated PN concentrations from aviation
emissions (excluding the background particles) were (a) 1.82:10° em ™3 and (b) 4.70-10% cm ~3, respectively.

Particle size distributions in the figures included both aviation emissions and background particles.

3.3.2 Comparison between the simulation and observation

[Figure 15| presents the comparison of simulated and observed particle size distributions
averaged for three different time intervals: daily, monthly, and yearly. In the comparison of
hourly PN concentrations in it was identified that evaluations of the simulation
performance could be contrasted by looking into the different mean values. Thus, an
intention of exploring the distributions in various intervals was to examine the simulated
particle size distributions through multiple aspects and not simply assess its performance
with a single average profile. In general, all simulated particle size distributions illustrated
the same shape of the distribution with two maxima around 15 nm and 65 nm because
a bimodal distribution from the log-normal fit coefficients was identically applied for
all initial conditions for the MAFOR calculations. The simulation was based on a robust
assumption that initial distributions are determined in both the aviation emission and the
background particles. On the contrary, the observed particle size distribution depicted
a more linear distributions. The linearity was primarily due to the averaging effect of
different hourly distributions with varying modal means. Since observed size distributions
did not have a fixed modal diameter, the linearity of the mean spectrum results from
averaging over distributions with different modal means. From the observed distributions,
it was pointed out that the linearity enhanced when the time interval for the averaging

increased.
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[Figure 15(a) and (b) shows examples of particle size distributions from a day when
high and low PN concentrations were measured at the monitoring station, respectively.
The investigated days were selected based on the daily-averaged PN concentration, flight
movements, and meteorological conditions. The day with high PN concentrations (2019-
10-21) had a daily mean PN concentration of 42,038 ¢cm ™3 and the wind blew directly from
the airport during 7:00 - 23:00 local time. The day of low PN concentration (2020-04-11)
was during the first COVID-19 lock-down period, where only 63 flight movements were
counted per day [29]. Both the simulations and the observations highlight that the high
PN concentration on 2019-10-21 was mainly due to small-size particles (Dp of 10-30 nm)
compared to 2020-04-11. The overestimation aspect of simulated PN concentrations was
characterized by the distribution of high PN concentration, as the observed distribution
did not have a high peak at small particle sizes as the simulation has. Moreover, the
simulated distribution of the day with low PN concentration had lower PN at smaller
particle sizes than the observation. The difference might be caused by road-traffic emis-
sions, which were not considered in the simulations but affect the observations. Again,
road-traffic emissions from the nearby motorway were also an important source of UFPs
to the FELD station and would be the biggest source of the PN concentration when the
impact of aviation emissions was low or absent. Same of these features were also presented
in the monthly-averaged distributions as shown in [Figure 15[c) and (d). April 2020 was
during the first COVID-19 lock-down period and was the month with the lowest flight
movements in two years. The measured monthly average PN concentration in April 2019

3 more than 2 times lower

was 18,285 em ™3, whereas in 2020 the value was 7,720 cm~
than the values in 2019. Corresponding results from the simulation was 29,816 ¢m =3 for

April 2019 and 8,424 ¢m =3 for April 2020, which indicated that aviation emissions were

the main cause for the difference in [Figure 15(c) and (d).
At last, [Figure 15(e) and (f) show average particle size distributions for 2019 sepa-

rated into two classes: 1) periods when the measurements were expected to be influenced
by aviation emissions and 2) periods when aviation emissions were unlikely to reach the
monitoring site. Three criteria were applied to distinguish the two classes: (i) wind direc-
tion was from the direction of the airport (210° < 6 < 330°), (ii) wind speed was higher
than 0.5 m/s, and (iii) only the day-time (6:00 - 24:00) distributions were considered,
because there were no flight activities during the night-time (00:00 - 6:00) by the airport
regulation [29]. As a result, 26 % (2,316 out of 8,760 hours) of the simulated distri-
bution and 23 % (2,037 out of 8,760 hours) of the observed distribution were classified
as the ‘Influenced’ periods, and the rest periods as ‘Not influenced’. Same as the other
comparisons, the figures indicate the impact of aviation emissions on the distribution of
small particles. Nevertheless, the difference between the ‘Influenced” and ‘Not-influenced’

periods was less significant than in other comparisons. A possible reason is that other
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PN emission sources largely affected the yearly averaged distribution, while the distribu-
tion of 2020-04-11 (‘Low PN concentration’) and April 2020 were specific periods when
human activities were substantially reduced. In addition, when excluding the aviation
emission, the background PN concentrations at night-time periods were generally higher
than those at day-time periods due to the stable atmospheric boundary layer. Overall, the
comparison in indicates that the simulations were able to explain the impact of
aircraft emissions on the particle size distribution, showing similar characteristics as the
observations. However, one limitation was revealed in that the shapes of the simulated
distributions primarily relied on the initial conditions, whereas in reality modal maxima

changed with time and averaging resulted in more linear distribution functions.
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Figure 15: Comparison of the particle size distributions between the simulation and the observation. The
distributions were averaged in three different time intervals. (a) and (b) are daily-averaged distributions
comparing a day of high PN concentration (observed as 42,038 em™3), 2019-10-21, and a day of low
PN concentration (observed as 7,117 em™3), 2020-04-11. (c) and (d) are monthly-averaged distributions
comparing April 2019 with April 2020. (e) and (f) depicted impacts of the aviation emission on the
particle size distribution in 2019 by dividing distributions into ‘influenced’ periods and the other periods

with certain criteria and averaged them accordingly.
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4 Conclusion and Implication

The present study investigated the impact of aviation emissions from Zurich airport
by developing a PN emission inventory and calculating aerosol dispersion and dynamics
for the years 2019 and 2020. In particular, the performance of the model simulations was
evaluated against observed hourly PN concentrations and particle size distributions from
an adjacent monitoring station. The modeling study intended to distinguish the impact of
aircraft emission from other possible emission sources because an observation study alone
could not completely rule out the impact of other sources (e.g., road traffic) on observed
PN concentrations. The simulations were capable of demonstrating that aviation emis-
sions considerably increased PN concentrations in the vicinity of Zurich airport. A large
fraction of the increment was derived from particles with diameters between 10 nm and
30 nm. Nevertheless, the developed PN emission inventory and the model simulations
alone may not be sufficient for assessing aircraft emissions, considering that several lim-
itations were detected and disagreements with observations were not fully explained. A
significant drawback was found in calculating the hourly-resolution PN concentrations, as
the prediction had a poor correlation with the observations (see . The scatter
plots and time-series implied deficiencies in the methodologies to compute the PN con-
centrations. In particular, estimation of background concentrations with the SVM model
had its limitations and should be improved in future studies. Even more important is the
utilization of empirical PN emission factors to convert the mass of fuel burnt to the num-
ber of emitted particles. In the absence of other studies, the utilized emission factors were
taken from just two studies, the one investigating take-off emissions at the Los Angeles
airport and the other by NASA exploring PN emission with diverse fuel compositions,
and applied for calculating PN emissions for all taxiing and flight phases. The obtained

PN emissions are therefore highly uncertain.

The present study also implies that more and improved input information is needed
for enhancing model performance. Both PN concentrations and particle size distributions
agreed reasonably on annual average but not for hourly values. In GRAMM /GRAL, only
the annual spatial distribution of the PN emission was considered, and the hourly spatial
variation on the flight activities and their aircraft types was neglected. This simplification
might have contributed to the poor simulation performance, although the computational
costs for simulating hourly dispersion profiles would have been to high. In addition, the
input for the aerosol dynamic model MAFOR could be improved. For instance, the initial
condition for the particle size distribution of aircraft emissions was taken from a study
from Los Angeles airport and might not be representative for the conditions at Zurich

airport.

In addition to the improvements in the modeling, a comprehensive study on aviation
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emissions would achieve a holistic approach to the impact assessment. Ultra-fine particles
notably cause adverse health effects by deeply penetrating the human body. Apart from
the number concentration and the size of the particles, the composition of the aerosols
would also be an important factor in assessing the impact of aviation emissions on human

health because the toxicity would be largely varied according to the compositions.
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Appendices

A1l Aircraft Statistics

Table A1: Statistics of flight movements by aircraft types in Zurich airport 2019.

Company Aircraft type Number of flight
A300 6
A310 106
A318 1,584
A319 26,429
Airbus A320 72,004
A321 22,242
A330 12,881
A340 4,626
A350 1,981
A380 2,161
Antonov AN12/22/26/72/124 8
AT43/45 2
ATR
ATT72/76 127
Beechcraft 1900 776
B737 8,813
B747 100
Boeing B757 615
B767 2,115
BT 6,724
B787 2,182
Cseries 33,660
Bombardier Dash 8 4,043
Canadair 3,460
British Aerospace Avro Jet 46
Dornier(Fairchild) D328/J328 8
E135/145 14
Embraer E170/175 2,155
E190/195 31,100
Fokker F100 989
Douglas MD80,/MD90 42
SAAB 2000/SF340 2,106
Others - 7
Total - 243,112
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Table A2: Statistics of flight movements by aircraft types in Zurich airport 2020.

Company Aircraft Number of flight
A220 15171
A300 76
A318 374
A319 7,488
Airbus A320 22,744
A321 6,555
A330 3,251
A340 2,142
A350 1,144
A380 492
Antonov AN12/22/26/72/124 6
ATR AT43/45/72/75/76 14
Beechcraft 200/1900 168
B737 3,710
B747 38
Bocing B757 111
B767 481
B7T7 4,439
B787 1,607
Bombardier Dash 8 1,165
Canadair 1,550
British Aerospace Avro Jet 3
Dornier (Fairchild) D328 2
E170/175 803
Embraer
E190/195 9,453
Fokker F50/F100 71
McDonnell Douglas MD80,/MD90 4
SAAB 2000/SF340 14
Others - 5
Total - 83,081

A2



ETH Ziirich Master’s Thesis

A2 Annual spatial distribution of PN emission
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Figure A1l: Spatial distribution of the particle number emissions during the taxi phase in the year of
2019. The reference coordinate system shown on the x and y-axis is WGS 84 (EPSG:4326).
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Figure A2: Spatial distribution of the particle number emissions during the take-off/roll phase in the
year of 2019. The reference coordinate system shown on the x and y-axis is WGS 84 (EPSG:4326).
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Figure A3: Spatial distribution of the particle number emissions during the take-off phase in the year
of 2019. The reference coordinate system shown on the x and y-axis is WGS 84 (EPSG:4326).
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Figure A4: Spatial distribution of the particle number emissions during the climb-out phase in the year
of 2019. The reference coordinate system shown on the x and y-axis is WGS 84 (EPSG:4326).
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Figure A5: Spatial distribution of the particle number emissions during the approach phase in the year
of 2019. The reference coordinate system shown on the x and y-axis is WGS 84 (EPSG:4326).
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Figure A6: Spatial distribution of the particle number emissions during the landing phase in the year
of 2020. The reference coordinate system shown on the x and y-axis is WGS 84 (EPSG:4326).
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Figure AT: Spatial distribution of the particle number emissions during the taxi phase in the year of

2020. The reference coordinate system shown on the x and y-axis is WGS 84 (EPSG:4326).
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Figure A8: Spatial distribution of the particle number emissions during the take-off/roll phase in the

year of 2020. The reference coordinate system shown on the x and y-axis is WGS 84 (EPSG:4326).
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Figure A9: Spatial distribution of the particle number emissions during the take-off phase in the year
of 2020. The reference coordinate system shown on the x and y-axis is WGS 84 (EPSG:4326).
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Figure A10: Spatial distribution of the particle number emissions during the climb-out phase in the
year of 2020. The reference coordinate system shown on the x and y-axis is WGS 84 (EPSG:4326).
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Figure A11: Spatial distribution of the particle number emissions during the approach phase in the
year of 2020. The reference coordinate system shown on the x and y-axis is WGS 84 (EPSG:4326).
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Figure A12: Spatial distribution of the particle number emissions during the landing phase in the year
of 2020. The reference coordinate system shown on the x and y-axis is WGS 84 (EPSG:4326).
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A3 PN emission influence to the simulated PN concen-

tration

Table A3: Share [%] of PN emission from each flight phase which quantified how much it influenced the

predicted PN concentration at the monitoring station in Kloten.

Year | Taxi Take-off roll Take-off Climb-out Approach Landing
2019 | 88.53 8.58 1.07 0.06 0.37 1.40
2020 | 90.28 4.74 3.12 0.03 0.80 1.03

A4 Estimation of the background concentration
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Figure A13: Scatter plots of estimated background PN concentrations from the SVM model versus

the measured hourly PN concentrations from the monitoring station in 2019 and 2020. A heat map was

presented to illustrate the distribution of scatter points in the plots.
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