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Abstract 10 

In addition to the much publicized environmental impact of CO2 emission by air traffic, the aviation 11 

particulate emission also deserves attention. The abundant ultrafine particles in the aviation exhaust 12 

with diameters less than 100 nm may penetrate deep into the human respiratory system and cause 13 

adverse health effects. Here we quantified the detailed aviation particle number emission from 14 

Zurich Airport and evaluated its influences on the annual mean particle number concentrations in the 15 

surrounding communities. The actual flight trajectory data were utilized for the first time to develop 16 

an emission inventory with high spatial resolution. The estimated total particle number emission was 17 

in the magnitude of 1024 particles per year. The annual mean particle mass concentrations in the 18 

nearby communities were increased by about 0.1 μg m-3 due to the aviation emission, equivalent to 19 

about 1% of the background concentration. However, the particle number concentration could be 20 

increased by a factor of 2 to 10 of the background level (104 cm-3) for the nearby communities. 21 

Further studies are required to investigate the health effects of the increased particle number 22 

concentration, and to evaluate whether the regulation based on the mass concentration is still 23 

sufficient for the air quality near airports. 24 

 25 

Keywords: airport emission inventory, particle number emission, particle number concentration, 26 

atmospheric dispersion, aerosol dynamics, aviation, ADS-B data 27 
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1 Introduction 32 

The air transport industry has brought us much convenience by connecting people and businesses all 33 

around the world. The annual number of passengers increased from 2.072 billion in 2006 to 4.233 34 

billion in 2018 1. It is predicted that the air traffic will continue to increase by more than twofold in 35 

the next 15 years 2. With the rapid expansion of air traffic and more busy airports, it is important for 36 

the sustainable development to comprehensively investigate the potential influences of aviation 37 

emissions on the environment and public health 3.  38 

 39 

The health effect of aviation emissions strongly depends on particulate matter and its characteristics 40 

such as number, size, and composition 4. The particulate matter emitted by jet engines mainly 41 

consists of ultrafine particles with diameters less than 100 nm 5,6, which account for a great 42 

proportion of the total number of particles, but contribute little to the mass 7,8. They consist of both 43 

the volatile particles formed by homogenous nucleation and the nonvolatile particles normally coated 44 

by non-refractory compounds. Organics and sulfates are the main constituents of these non-refractory 45 

components. The ultrafine particles may cause serious adverse health effects 9,10, as they penetrate 46 

and lodge deep into the human respiratory system 4,11-13. The size, shape and surface properties also 47 

influence their toxicity 14-17. The recent study 4 near Los Angeles Airport has suggested that the 48 

exposure to airport-related ultrafine particles can increase acute systemic inflammation. 49 

 50 

Recently, the International Civil Aviation Organization (ICAO) issued a new standard to regulate the 51 

emissions of nonvolatile particulate matter from aircraft engines 18. The new standard has attracted 52 

more and more attentions. Substantially increased ultrafine particle number concentrations have been 53 

observed in the vicinities of airports 14,19-23. It has been found that the particle number concentrations 54 

(PNC) increased three times at the location 7 km downwind of the Schiphol Airport in Netherlands 22. 55 

High particle number concentrations were also found near Los Angeles International Airport (LAX) 56 
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9,12. The recent study in four European cities (Barcelona, Helsinki, London, and Zurich) has found 57 

that the highest nucleation particle number concentration happened when the wind was blowing from 58 

the airport location 24. These studies indicated that the volatile particles were the main contributor to 59 

the particle number concentration 22,24. 60 

 61 

The aforementioned studies provide direct observations of the aviation impacts, but further studies 62 

are needed for a comprehensive assessment of the whole area around the airport for an extended time 63 

span. Air quality models are currently the most practical way to evaluate the effects of pollution 64 

emissions 25-27. The global or regional air quality models have already been applied to assess the 65 

mass-based impacts of aircraft particulate matter emission 3,28-30. However, there is scarce particle 66 

number-based assessment due to the limited emission data and the difficulties in modeling the 67 

number-based aerosol dynamics 31. 68 

 69 

In this study, we evaluated the influences of aviation emission on the particle number concentration 70 

around Zurich Airport for one year. The detailed inventory for total particle number emission, i.e. 71 

volatile and non-volatile particles, was developed by integrating multiple databases, including the 72 

Automatic Dependent Surveillance-Broadcast (ADS-B) flight trajectory database 32, the total particle 73 

number emission measurements from APEX (Aircraft Particle Emissions eXperiment), AAFEX I&II 74 

33 and Los Angeles International Airport 34 experiments, the OAG (Official Airline Guide) scheduled 75 

flight dataset and the ICAO Engine Databank 35. The particle number-based assessment was 76 

achieved by coupling the mesoscale Eulerian-Lagrangian atmospheric dispersion model 77 

GRAMM/GRAL 36 with the state-of-the-art aerosol dynamics model MAFOR 8,37. The study 78 

proposed new methods to estimate the emission inventory based on the recent developed publicly 79 

available ADS-B actual flight trajectory data 32, and designed a computational scheme to investigate 80 

the influence of airport emissions on the ambient particle number concentration. The ADS-B dataset 81 
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and the open source models are independent from airlines or governments, and open to all the 82 

researchers, which makes the study a promising pathway for independent researchers to assess the 83 

environmental impacts of aviation emissions. 84 

 85 

2 Materials and methods 86 

Four key steps were adopted to evaluate the influences of the aircraft activities at Zurich Airport on 87 

the particle number concentration in the surrounding communities: (1) the actual flight trajectories 88 

based on the ADS-B data were utilized to account for the detailed aircraft activities and fuel 89 

consumption with high spatial resolution; (2) an empirical relation with four predictors (ambient 90 

temperature, fuel sulfur composition, fuel aromatic content and engine thrust level) was developed to 91 

estimate total particle number emission indices based on the measurements from APEX, AAFEX 92 

I&II 33 and Los Angeles International Airport (LAX) experiments 34; (3) the fuel consumption and 93 

the emission indices were combined to develop the high-resolution particle number emission 94 

inventory for Zurich Airport; (4) the atmospheric dispersion model system GRAMM/GRAL was 95 

offline coupled with the aerosol dynamics model MAFOR to calculate the hourly particle number 96 

concentrations induced by the aircraft emissions for the surrounding communities. 97 

 98 

2.1 Actual aircraft trajectory database 99 

The ICAO default Landing and Take-off cycle (LTO) is usually utilized for emission estimations, but 100 

actual operational cycles may be significantly different from it. In this study, the real flight 101 

trajectories were utilized to analyze the aircraft movements and develop the emission inventory for 102 

Zurich Airport. The trajectory data were taken from the ADS-B database provided by OpenSky 103 

Network 32,38. More information about the ADS-B data can be found in Section S1 of the supporting 104 

information (SI). 105 

 106 

The spatial domain of the ADS-B data was confined from 47.41° to 47.50° in latitude, from 8.48° to 107 



 

7 

8.64° in longitude, and below 1500 m barometric altitude to reduce the volume of the dataset and the 108 

associated computational cost. The approach and take-off phases in the standard LTO cycle were 109 

divided into approach & take-off in the air and landing & take-off rolls on the ground, since the 110 

altitude of the emission strongly influenced the surface level air quality. As a result, there were six 111 

sub-phases: taxi, approach, landing roll, take-off roll, take-off and climb-out.  112 

 113 

The sequential analysis method was utilized to divide the trajectory of an aircraft into the six 114 

sub-phases based on the flight altitude, speed and on-ground sign. The detailed method was 115 

introduced in Section S2. Figure S1 shows a typical segmentation of the flight trajectories. The flight 116 

status and corresponding durations were successfully identified by the segmentation method. The 117 

spatial locations corresponding to the identified sub-phases (Figure S2) were in good agreement with 118 

the layout of the airport, which was a proof of effectiveness of the method. The duration of the taxi 119 

phase is defined as 26 minutes in the ICAO standard LTO cycle. Based on the actual flight trajectory 120 

data, the averaged taxi duration was about 18.29 minutes, which was about 8 minutes less than the 121 

standard value, and close to the official estimation of 17.45 minutes by Zurich Airport 39. The 122 

difference was within 5%, indicating good accuracy of the segmentation of the flight trajectory data.  123 

 124 

2.2 Particle number emission estimation 125 

There is currently no consensus on the theoretical estimation of total particle number emission 126 

indices due to the limited knowledge about the complicated nucleation mechanism inside exhaust 127 

plumes 40,41. However, ambient temperature, fuel sulfur composition, fuel aromatic content and 128 

engine thrust level are normally assumed to play important roles in particle number emission 33,41. 129 

Hence, we developed an empirical relation dependent on the four factors to reasonably estimate total 130 

particle number emission indices based on the measurements from APEX, AAFEX I&II 33 and Los 131 

Angeles International Airport (LAX) experiments 34. 132 

 133 
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During the APEX, AAFEX I&II experiments, the emissions from CFM56-2-C1 engines were 134 

measured. The measurements were carried out at 30 m behind the engine exit plane, which might 135 

underestimate the volatile particle number emissions at high thrust levels due to the suppression of 136 

the particle formation by the high temperature of the exhaust plume with insufficient dilution 42. As a 137 

result, we only adopted the data at thrust levels of 4% and 7% from the APEX, AAFEX I&II 138 

experiments, corresponding to idle and taxi. During the APEX and AAFEX I&II experiments, the 139 

ambient temperature ranged from −2.8 to 34 °C with an average value of 15.6°C, and the fuel sulfur 140 

contents varied from 0 to 1200 ppm by weight, making it possible to investigate the influences of the 141 

ambient temperature and the fuel sulfur content on emissions.  142 

 143 

The LAX study 34 measured the emissions of the in-service aircrafts with about 30 different types of 144 

engines during take-off (100% thrust level) at the location about 400 meters away from the 145 

beginning of the run way, where the plume was assumed to be fully diluted and no further significant 146 

new particle formation was expected. The ambient temperature during the LAX study was between 147 

20 and 25 °C. The fuel sulfur contents were between 600 and 1800 ppm with an average of about 148 

1200 ppm. The LAX dataset was also utilized to evaluate the variation of emission indices of 149 

different types of aircrafts. 150 

 151 

The particle composition data are scarce and high uncertainties still exist. Here, we utilized the 152 

measurements during taxi from APEX, AAFEX I&II experiments 33 to approximate the composition. 153 

The measurements indicated that the organic matter, sulfuric acid and nonvolatile components 154 

(mainly black carbon and metal) were the dominant components of the particles 43. The organic 155 

matter was the most abundant component, and the shares of the volatile components, i.e. organic 156 

matter and sulfuric acid decreased with the increase of temperature (Section S3 and Figure S3). The 157 

influences of chemical composition on the aerosol dynamics were discussed in Section S12. 158 
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 159 

2.3 Particle number emission inventory 160 

According to the OAG scheduled flight dataset, there were about 250,000 scheduled flights per year 161 

at Zurich Airport. The ADS-B data captured about 90% of the total flights due to the aircrafts without 162 

ADS-B equipment, signal blockages or interruptions by device maintenance, so the OAG scheduled 163 

flights were utilized to complement the ADS-B data. The area was discretized into grids with a 164 

spatial resolution of about 5 m. For each hour of the year (tid, i.e. hour index of the year from 1 to 165 

8760), we calculated the total residence time (tresid, s) of aircrafts operating at six sub-phases (p, i.e. 166 

taxi, approach, landing roll, take-off roll, take-off and climb-out) inside each grid within the hour 167 

based on the ADS-B trajectory data. Specifically, at hour tid, the total particle number emission EN 168 

inside the grid centered at (x, y, z) from the aircrafts operating at sub-phase p was estimated as 169 

 ( ) ( ) ( ) ( )( ), , , , , , , , , , ,N id fuel id N idE x y z p t M x y z p t EI S T t F p A= ⋅ ,  (1) 170 

where Mfuel (kg) was the total mass of the consumed fuel by the aircrafts at sub-phase p inside the 171 

grid, EIN (# kg-1-fuel) was the total particle emission index estimated by the regression model as 172 

introduced in Section 2.2. S  (ppm) was the average fuel sulfur content by weight at Zurich Airport 173 

about 650 ppm 5,44 and T(tid) (°C) was the ambient temperature at hour tid, F(p) (%) was the thrust 174 

level at sub-phase p, and A  (%) was the average fuel aromatic content by volume at Zurich Airport, 175 

about 18% 5,44. The total fuel mass was estimated as 176 

 ( ) ( ) ( ), , , , , , , ,OAG
fuel id resid id

ADS B

NM x y z p t FF p t x y z p t
N −

= ⋅ ⋅   (2) 177 

where NADS-B was the number of flights captured by ADS-B data, NOAG was the scheduled flight 178 

number in OAG database, so NOAG/NADS-B was a correction factor for the missing aircrafts in the 179 

ADS-B dataset, and the factor was about 1.1. FF (p) (kg s-1) was the fleet average fuel flow rate at 180 

sub-phase p at Zurich Airport, which was estimated using the scheduled flights in OAG database and 181 

the fuel flow data in ICAO Engine Databank. The fleet average parameters instead of flight specific 182 
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data were utilized because some flights in the ADS-B dataset could currently not be linked to their 183 

aircraft types based on the ICAO identifiers and the aircraft information was also unavailable for the 184 

flights which were not captured by the ADS-B system. At Zurich Airport, it is mandatory to use the 185 

fixed electrical ground power system, so the emissions from auxiliary power units (APU) were not 186 

included in the emission inventory 45. 187 

 188 

We adopted the ICAO standard power settings for taxi, take-off and climb-out phases, which were 189 

respectively 7%, 100% and 85%. The power setting for approach phase is 30% according to the 190 

ICAO standard, but the recent study at Copenhagen Airport 46 indicated that the actual thrust level 191 

was close to the idle level, which was much lower than the ICAO standard value during the final 192 

descent from 100 m to the ground. As a result, we adopted 7% thrust level for both approach and 193 

landing-roll phases, the same as taxi phase. 194 

 195 

The volatile particles are actually gradually formed inside the engine exhaust plume during their 196 

transport in the air, and it is difficult to define the exact locations of the formations. We utilized an 197 

equivalent emission concept, which attributed all the particle number emissions to the engine exit 198 

plane, as if the particles were directly emitted by the engines. This assumption might overestimate 199 

the near field concentration within hundreds of meters from the engine, mainly inside the airport, 200 

where the particles were not fully formed, but it would be a reasonable assumption beyond this 201 

distance, e.g. outside the airport, where there was nearly no further new particle formation due to the 202 

fully diluted plume.  203 

 204 

2.4 Atmospheric dispersion model systems  205 

The atmospheric dispersion was calculated using the coupled model system of GRAMM/GRAL 36 206 

(Version 19.03). GRAMM (Graz Mesoscale Model wind fields) is an Eulerian mesoscale numerical 207 

weather prediction model, and GRAL (microphysics Graz Lagrangian Model) is a Lagrangian 208 
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dispersion model. The model system was designed to reproduce the atmospheric transport of 209 

pollutants in complex terrain 47, e.g. the inner-Alpine basins. The system has already been utilized to 210 

simulate NOx and particulate matter concentrations with high resolution in Zurich 48.  211 

 212 

GRAMM first computed the mesoscale weather condition at a horizontal resolution of 300 m, and 15 213 

vertical levels up to 3800 meters with a first layer height of 10 m, which included the boundary layer 214 

with significant mixing. The initial meteorological data (e.g. temperature, wind speed, wind direction, 215 

precipitation, humidity and radiation) to drive the GRAMM model were provided by MeteoSwiss, 216 

measured at the Kloten station (near Zurich Airport) for 2017. GRAMM accounts for the influences 217 

of topography, heat and water exchanges with different land covers. The topography data were taken 218 

from the Shuttle Radar Topography Mission (SRTM) digital elevation data with 1 arc-second 219 

resolution 49, and the CORINE land cover data were from Swiss Federal Institute for Forest, Snow 220 

and Landscape Research WSL 50.  221 

 222 

GRAL then calculated the atmospheric transport of the pollutants based on the meteorological data 223 

from GRAMM. The horizontal resolution of the domain for dispersion calculation in GRAL was 20 224 

m, and the vertical configuration was the same as GRAMM, with 1983 (west-east) × 1228 225 

(north-south) × 15 (altitude) grid points. The concentrations were recorded at 2 m above ground. 226 

About 400 Lagrangian computational particles were released at each second. Hourly results were 227 

generated for the whole year of 2017. 228 

 229 

The aerosol dynamics was estimated by the state-of-the-art Multicomponent Aerosol FORmation 230 

(MAFOR) model 8,37. MAFOR model used 120 size sections to represent the aerosol size distribution, 231 

which prevented numerical diffusion and avoided the assumptions of lognormal particle modes used 232 

in the modal models 37. The MAFOR model has been utilized to investigate the particle number 233 
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concentrations in Oslo 51, Helsinki and Rotterdam 8 and ship plumes 52. 234 

 235 

The background ambient particle number concentration was included in the MAFOR model to take 236 

into account the effects of other sources, e.g. road traffic, residential emissions. There was no 237 

continuous particle number concentration measurement in Zurich, so a Support Vector Machine 238 

(SVM) model was trained using the hourly measurements at Basel station of the Swiss National Air 239 

Pollution Monitoring Network (NABEL), which was about 90 km away from Zurich, and we utilized 240 

the trained SVM model to estimate the ambient concentration in Zurich. The Basel station is far 241 

away from airports. The substantial reduction of aviation emission during COVID-19 pandemic did 242 

not cause detectable changes in the measurements of ambient particle number concentration, 243 

suggesting that the measurements at the Basel station were not significantly influenced by the 244 

aviation emissions and they are suitable to represent the background particle number concentrations. 245 

The size distribution of the background ambient particles followed the measurements in Zurich 53. 246 

More information can be found in Section S4, Figure S4 to S6. 247 

 248 

In order to evaluate the uncertainties in the model results, we thoroughly assessed the uncertainties in 249 

the four key components of the system individually, i.e. the flight trajectory and fuel consumption 250 

data, particle number emission index, atmospheric dispersion model and aerosol dynamics model. 251 

Then the Monte Carlo approach was utilized to investigate the propagation of the uncertainties in the 252 

whole system. 253 

 254 

3 Results and discussion 255 

3.1 Particle number emission indices 256 

As introduced in Section 2.2, the measurements for 4% and 7% thrust from APEX, AAFEX I&II 33 257 

and 100% thrust from LAX study 34 were utilized to build the regression model for the total particle 258 

number emission index based on ambient temperature, fuel sulfur composition, fuel aromatic content 259 
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and engine thrust level. Figure 1(a) indicated that the particle number emission initially had a 260 

positive correlation with the fuel sulfur content, and the effect became saturated when the sulfur 261 

content was higher than 600 ppm, so a logistic regression model was adopted to depict the 262 

correlation. Moore et al. 33 showed that the exponential relation was applicable for the temperature, 263 

aromatic content and thrust level. The final regression model was as follows: 264 

 ( ) ( )
( )( )

3.29 exp 0.0075 0.0017 0.017
, , ,

1 exp 0.011 2.54N
T F A

EI S T F A
S

⋅ − ⋅ + ⋅ + ⋅
=

+ − ⋅ +
,  (3) 265 

where EIN(S, T, F, A) was the total particle number emission index, S (ppm) was the fuel sulfur 266 

content by weight, T (°C) was the ambient temperature, F (%) was the thrust level and A (%) was the 267 

fuel aromatic content by volume. It shows that the particle number emissions were anti-correlated 268 

with the ambient temperature. The formation of new particles in the jet engine exhaust was 269 

considered to be driven by the binary nucleation of sulfuric acid and water 40,41, so the low 270 

temperature and the high sulfur content generally favored the particle formation. The emissions were 271 

positively correlated with the fuel aromatic content and thrust level. Figure 1(b) shows that nearly all 272 

the measurements were within a factor of two of the regression model.  273 

 274 

Figure 1 Regression model for the total particle number emission index based on the dataset from 275 
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APEX, AAFEX I&II 33 and the LAX study 34: (a) the influence of fuel sulfur content, the whiskers 276 

indicated the highest and lowest data excluding any outliers, which were outside the range of 1.5 277 

times the IQR (Interquartile range) above the upper quantile or below the lower quantile; (b) 278 

comparison between the regression model and the measurements, the solid line is 1:1 ratio and the 279 

dashed lines are 1:2 (or 2:1) ratio lines and the error bar represents the standard deviation of the 280 

measurements from the LAX experiments.   281 

 282 

The LAX dataset was also utilized to evaluate the variation of emission indices of different types of 283 

aircrafts. Figure 2(a) shows the fleet average emission indices by grouping the engines into the major 284 

aircraft manufacturers. ANOVA test showed that the emissions from the aircrafts of the two major 285 

manufactures, i.e. Boeing and Airbus, were similar with a p value of 0.69 (Table S2), and there was 286 

no statistically significant difference among the total particle emission indices from the Boeing, 287 

Airbus, Embraer and Beech aircrafts, with a p value of 0.27 (Table S3). The emissions from 288 

Bombardier and McDonnell Douglas aircrafts were significantly different from others with a p value 289 

of 0.0023 (Table S4), because of the smaller variations among the Bombardier aircrafts and the lower 290 

mean value of the McDonnell Douglas aircrafts. There was no significant dependence of the total 291 

particle number emissions on the rated output of engines as shown in Figure 2(b), with a p value of 292 

0.4 for the commonly utilized aircrafts with rated outputs between 90 and 130 kN. The volatile 293 

particles mainly formed in the exhaust plume depending on fuel compositions and ambient 294 

conditions, which caused the similar emission indices of the different types of aircrafts and engines. 295 

Winther et al. 46 analyzed the available particle number emission indices in the literature, and utilized 296 

indices of 3.91×1016 and 4.62×1016 kg-1-fuel respectively for idle and take-off phases, which were 297 

close to the measurements of the LAX experiments. 298 

 299 

The developed regression model could be applicable for normal jet fuels considering the relative 300 
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small variation of fuel properties according to the specifications ICAO Annex 16 54. However, extra 301 

data and factors might be considered for the estimation of the particle number emissions when 302 

alternative fuels are used due to their significantly different properties. The regression model was 303 

intended for the fleet average emission. The purpose of this study is to estimate the contribution of 304 

the whole airport to the ambient particle number concentration, so fleet average is appropriate.  305 

 306 

Figure 2 Evaluation for the variation of the emission indices of different types of aircrafts based on 307 

the measurements from the Los Angeles International Airport (LAX) 34 experiments. (a) Fleet 308 

average total particle number emission indices of the aircrafts produced by the main manufactures; (b) 309 

average total particle number emission indices of the aircrafts by rated engine outputs. The error bars 310 

represent the standard deviations of the measurements. 311 

 312 

3.2 Total particle emission inventory at Zurich airport 313 

Figure 3 shows the total particle number emissions of the different sub-phases. The taxi phase 314 

generated the highest emission with a value of (1.35±0.56)×1024 per year. The uncertainties were 315 

expressed as the standard deviations. The landing-roll phase had the lowest emissions, which was 316 

(2.22±0.93)×1022 per year, nearly 102 times lower than the taxi phase. The emission uncertainties 317 

were estimated based on the prediction interval of the regression model Equation (3).The nonvolatile 318 

particle number emission from the whole LTO cycle (LTO BC) was estimated based on the method 319 
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in our previous study 7. The nonvolatile particle emission was about (3.21±0.80)×1022 per year, about 320 

1.4% of the total particle number emission. Other recent studies also indicated that the aircraft 321 

emission was characterized by the very high particle number concentration in the nucleation mode, 322 

but not black carbon 22,24.  323 

 324 

Figure 3 Total particle number emissions of different sub-phases and the nonvolatile particle number 325 

emission during the whole LTO cycle (LTO BC). The error bars represent the standard deviations of 326 

the estimations.   327 

 328 

The spatial distributions of emissions for all the sub-phases were derived based on ADS-B aircraft 329 

trajectory data. Figure 4 shows the spatial distribution and the corresponding altitudes for the taxi 330 

and take-off sub-phases with a resolution of about 5 m, and the results for other phases can be found 331 

in Figure S7 to Figure S10. At Zurich Airport, there were several push-back areas 39, which are 332 

shown in Figure S11. These areas were close to the terminals and other construction areas, so the 333 

main engines were not allowed to run to protect the buildings. The ground service vehicles pushed 334 

the aircrafts back to the freeway, so it was assumed there was no emission from the jet engines 335 

within the push-back areas.  336 
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 337 

Figure 4 Spatial distributions of the particle number emission during (a) taxi and (b) take-off phases 338 

at Zurich Airport, and the corresponding altitudes of (c) taxi emission and (d) take-off emission. 339 

 340 

Figure 4(a) shows that the taxiways near the terminals had the highest emissions due to the frequent 341 

aircraft movements. The results also captured the hotspots at the starting point of the runways, where 342 

aircrafts were usually waiting in queues. The take-off emissions were mainly along the runways as 343 

shown in Figure 4(b). The altitudes of the taxi emission were correctly estimated to be at the ground 344 

level based on the ADS-B data as shown in Figure 4 (c), while the altitudes of the take-off emission 345 

varied from ground level up to 1000 m (Figure 4 (d)). The altitude of the emission influenced the 346 

induced ground level particle concentration. The temporal variations of the emission were also 347 

obtained based on the ADS-B data as shown in Figure S12 and Figure S13. 348 

 349 
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3.3 Aerosol dynamics  350 

The aerosol dynamics model MAFOR was adopted to correct the hourly atmospheric dispersion 351 

results from GRAMM/GRAL by offline coupling. The schematic graph for the whole calculation 352 

procedure is shown in Figure S14. The meteorological data for the calculation was updated hourly. It 353 

was assumed that the plume was in quasi-steady state within one hour and the rapid transient shift of 354 

the plume between the two consecutive hours was negligible. The GRAMM/GRAL model was 355 

utilized to calculate the steady-state of the atmospheric dispersion for each hour of a year. A typical 356 

dispersion plume is shown in Figure S15 as an example.  357 

 358 

The offline coupling was achieved through the plume dilution curve, which was calculated using the 359 

GRAMM/GRAL results and then adopted by MAFOR for the aerosol dynamic calculations. The 360 

plume dilution curve was analyzed based on the centerline concentration of the plume as indicated in 361 

Figure S15. The centerline was defined as the 0.95 percentile of the concentration on the arc 362 

concentric with the airport perimeter, to filter out the very high values due to the stochastic effects of 363 

the Lagrangian method. The MAFOR model calculated the aerosol dynamics using the obtained 364 

dilution curve, in conjunction with meteorological data (humidity, temperature, precipitation and 365 

wind speed) and the background particle number concentration. The typical results are shown in 366 

Figure 5 (a). The calculated particle number concentration at the airport perimeter and the size 367 

distribution measured by the LAX study 34 were taken as the initial condition for the MAFOR model. 368 

Figure 5 (a) shows the evolution of the particle size distribution from 1 km to 10 km. The 369 

photo-nucleation in the aviation plume was activated in the MAFOR model with the mechanism of 370 

kinetic nucleation of H2SO4
55. The results suggested that the particles between 10 and 30 nm 371 

contributed significantly to the particle number concentration, even at the location 10 km away from 372 

the airport. Larger particles (> 50 nm) were close to the ambient concentration, so they quickly 373 

blended into the ambient.  374 
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 375 
Figure 5 Evolution of the particle size distributions from 1 km to 10 km for a typical plume at 12:00 376 

on May 20, 2017, (a) evolution of the particle size distribution; (b) comparison between the plume 377 

particle number concentrations with and without consideration of aerosol dynamics; the background 378 

concentration has been excluded.  379 

 380 

Figure 5 (b) shows the influence of aerosol dynamics on the total particle number concentration. 381 

Compared with the atmospheric dispersion results (black dashed line), the concentration was lower 382 

due to the loss of particles by coagulation and evaporation (red solid line), when the aerosol 383 

dynamics was considered. The difference between them became larger with the increase of distance 384 

from the airport. A recent study indicated that the particle number concentration in the nucleation 385 



 

20 

mode was increased by about 5000 cm-3 at Zurich Kaserne about 10 km away from the airport, when 386 

the wind (about 3 m s-1) was blowing from the airport location 24, and the measurement was close to 387 

the result in Figure 5 (b). 388 

 389 

Sensitivity tests were conducted to investigate the effects of the ambient background particles on the 390 

evolution of the particles emitted from aircrafts. The results showed that the particle number 391 

concentration induced by aircraft emissions only changed less than 10% within 10 km from Zurich 392 

Airport if the background particle number concentrations were altered by ±50%. The influence was 393 

mainly caused by coagulation. In general, the results suggested that the calculation was not sensitive 394 

to the background particle. More details can be found in Section S7, Figure S16 and Figure S17. The 395 

photo-nucleation is the most uncertain part of the model, but the recent source apportionment study 396 

24 indicated that the photo-nucleation only contributed about 3% to the total particle number 397 

concentration in Zurich. The Monte Carlo simulations indicated that the 95% confidence interval of 398 

the calculation was between 1/3 and 2 times of the baseline results. The uncertainties from different 399 

models were not significantly accumulated, and the results could represent the magnitude of the 400 

particle number concentration caused by the airport emissions. More details are discussed in Section 401 

S13. 402 

 403 

3.4 Annual mean dispersion results 404 

Figure 6 shows the spatial distribution of the annual mean particle number concentrations 405 

attributable to the aircraft emissions at 2 m above ground. The ultrafine particle measurements from 406 

a measurement campaign near Zurich Airport 56 were first utilized to evaluate the model performance. 407 

The measurement campaign was conducted in May 2016, when the southwest wind between about 408 

150 and 300 degree was dominant. The measurements revealed that the aircraft activities increased 409 

the number concentration from about 5,000 particles cm-3 during 24 to 5 o’clock to about 20,000 410 

particles cm-3 during 5 to 23 o’clock at Kloten cemetery with little traffic about 2 km away from the 411 
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airport fence. The mean particle number concentrations at four locations were reported 56 in the 412 

measurement campaign, i.e. the airport apron, the helipad west, Entrance Gate 109 and the Cemetery 413 

Kloten with little traffic about 2 km away from the airport fence. The SVM model had low spatial 414 

resolution, so the particle number concentrations during 24 to 5 o’clock, when there was no air traffic, 415 

were utilized as the background concentration to better characterize the local concentration. Most of 416 

the measured background concentrations were within 20% of the estimations of the SVM model as 417 

shown in Figure S36. According to the sensitivity tests in Section 3.3, the difference had little 418 

influence on the estimated particle number concertation. The background concentration was removed 419 

from the measurements to estimate the contribution from aircraft emissions.   420 

 421 

All of the locations were labeled in Figure 6. More details about the dataset can be found in Section 422 

S8 and Figure S18. Figure 7 shows the comparison between the model results and the measurements. 423 

The calculations were within a factor of two of the measurements. The Monte Carlo simulations 424 

indicated that the 95% confidence interval of the estimated concentrations was between a factor of 425 

1/3 and 2. The reasonable agreement between the model results and the measurements implied that 426 

the emission inventory and the air quality model were appropriately developed. The model results 427 

were generally higher than the measurements, which might be caused by the relative low 428 

measurement efficiency of the sensors for the nucleation particles. The current available 429 

measurements are still scarce, so more environmental measurements should be conducted to further 430 

update the emission inventory using top-down methods 57-60 and evaluate model performance 61-63.  431 

 432 

As shown in Figure 6, the aircraft emission primarily influenced the particle number concentration 433 

within the airport, leading to annual mean concentrations in the magnitude of 105 cm-3, about 10 434 

times of the background level. There were large concentration gradients near the airport. The more 435 

populated area was along Zurich Lake, which was near the bottom boundary of the domain in Figure 436 

6. The Zurich main train station was in the north part of the populated area, and about 9 km away 437 
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from the airport. The annual mean particle number concentration at the main station was only 438 

increased by about 650 cm-3, since the emitted particles were constantly diluted and they also 439 

coagulated with the background particles. Zurich locates in the mountain area, so the topography also 440 

influenced the dispersion of the pollutants from the airport, for example the “hotspot” at Uitikon, to 441 

the west of the main train station. Details about the influence of the topography were shown in 442 

Section S8 and Figure S19.  443 

 444 

Figure 6 Spatial distribution of the surface (2 m above ground) particle number concentration 445 

attributable to the aircraft emissions, with a resolution of 20 m. The background concentration has 446 

been excluded. 447 

 448 

The contributions of the six sub-phases to the annual mean particle number concentrations were 449 

investigated in Section S9 and Figures S20 to S25. The ground phases, i.e. taxi, take-off roll and 450 

landing roll, were the largest contributors, accounting for about 90% of the concentration in the area 451 

within about 5 km of the airport. The elevated emissions, i.e. take-off, climb-out and approach, had 452 

little influence on the area near the airport, but their contributions increased for farther areas and 453 
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accounted for 10 to 20% of the concentration. The benefits of using the detailed ADS-B based 454 

emission data were investigated by the comparisons with the results based on the ICAO standard 455 

LTO cycle with an area source (Figure S26). Figure S27 suggested that the results without ADS-B 456 

information overestimated the concentration by about 35%, mainly caused by the difference between 457 

the ICAO standard taxi duration (26 minutes) and the estimation based on ADS-B data (18.29 458 

minutes).  459 

 460 

Figure 7 Comparison between the model results and the ultrafine particle measurements from the 461 

campaign near Zurich Airport 56. The background concentration was removed from the 462 

measurements. The dashed lines are the 1:2 and 2:1 lines. The error bars represent the standard 463 

deviations of the estimations and model results. 464 

 465 

3.5 Comparison between mass and number concentration  466 

The particle mass emission was estimated by the integration of the size-resolved particle number 467 

emission, and the density of the particles was assumed to be 103 kg m-3 64. The spatial distribution of 468 

particle mass concentration is shown in Figure S28. Both of the annual mean particle mass and 469 

number concentrations attributable to aircraft emissions were analyzed for the nearby communities. 470 
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 471 

Figure 8 Regional mean of (a) the particle mass concentration and (b) the particle number 472 

concentration attributable to the aircraft emissions. The error bars were the standard deviation of the 473 

annual mean surface concentration in the region. The background concentration was excluded. 474 

 475 

Only the communities with particle mass and number concentrations higher than 0.01μg m-3 and 476 

1000 particles cm-3 were shown in Figure 8. Figure 8 (a) indicated that the contributions of aircraft 477 

emissions to particle mass concentrations were below 0.1 μg m-3 for most of the communities except 478 

Kloten. The PM2.5 concentration was relatively homogenous in northern Switzerland. The PM2.5 479 

concentrations were similar among the measurements at four different types of locations of the 480 

NABEL network as shown in Figure S35, including urban area near the main road (Bern-Bollwerk), 481 
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urban residential area (Zurich-Kaserne) and suburban area (Basel-Binningen and Dubendorf-Empa). 482 

The annual mean concentrations were between about 10 to 13.6 μg m-3 and the annual median values 483 

ranged between about 7 to 11 μg m-3. The PM2.5 concentration was a little higher near the urban 484 

main road. The WHO air quality guideline value for the PM2.5 annual mean concentration is 10 μg 485 

m-3, which is also the Swiss limit. As a result, the mass concentration attributable to aircraft emission 486 

was less than 1% of the annual mean concentration in most of the nearby communities. 487 

 488 

The number concentrations attributable to the airport were 104 to 105 cm-3 for the communities close 489 

to the airport, including Kloten, Ruemlang, Winkel and Oberglatt, as shown in Figure 8 (b). 490 

According to the SVM model, the annual mean particle number concentration in Zurich was about 491 

8000 cm-3, so the particle number concentrations in these areas were increased by a factor of 2 to 10 492 

compared to the background level.  493 

 494 

4 Implications 495 

The current study integrated the available measurements for the total particle number emission 496 

indices and utilized the actual flight trajectory data to reduce the uncertainties. The method could 497 

quantify the magnitude of the influence of aviation emission on the particle number concentration. 498 

The results indicated the aviation emission might have strong influence on the particle number 499 

concentration in the surrounding communities, even though the emission contributed little to the 500 

PM2.5 concentration. The methods and results are expected to improve the understanding of the 501 

environmental impacts of the aviation particulate matter emissions, and provide the basis for 502 

exposure assessment for the residents living near the airports.  503 

 504 

There is currently no limit for the ambient particle number concentration. The particles emitted by 505 

aircrafts were mostly less than 100 nm, so they contribute little to the mass concentration, but may 506 
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cause significant increase in number concentration. These tiny particles are able to penetrate deeper 507 

into human respiratory system. The smaller size renders the particles higher surface-volume ratio, 508 

making easier exposure to noxious substance. Further studies should be conducted to investigate the 509 

health effects of the increased particle number concentration, and evaluate whether the regulation 510 

based on the mass concentration is still sufficient for the airport emission.  511 

 512 
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