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A B S T R A C T

Ultrafine particle (UFP) emissions of aircraft may cause serious adverse health effects. The current study con
siders the transport of UFP emissions via the wake vortices generated by aircraft approaching Frankfurt Airport 
down to the ground. For this purpose, the fast-time Probabilistic Two-Phase wake vortex prediction model P2P 
has been enhanced for the prediction of the transport of a passive tracer with the descending wake vortex oval. 
The parameterisation of tracer transport considers the associated turbulent mixing processes of the vortex oval 
with its environment and the detrainment into a secondary wake, both causing the dilution of the tracer. The 
study considers the wind conditions prevailing in the year 2019 and the respective traffic mix of Frankfurt 
Airport. The presented results comprise the dwell times of the wake vortices reaching the ground, the corre
sponding passive tracer concentrations and the UFP numbers. The computed UFP numbers are set into 
perspective to UFP number concentrations measured at a distance of about 4 km to the airport using a mobile 
ground measuring station. It is found that the UFP emissions of approaching aircraft are small compared to other 
sources at the airport. Even UFP counts of direct wake vortex hits on the ground are on the order of the back
ground concentrations. At a distance of 9 km from the runway ends the UFP numbers drop to less than 1% of the 
maximum ground immissions occurring near the runway thresholds.

1. Introduction

Besides the gaseous emissions from aircraft engines, the emitted 
particulate matter must also be considered. Within these ultrafine par
ticles (UFP) smaller than 100 nm in diameter may cause serious adverse 
health effects, as they penetrate deep into the human respiratory system 
(Kreyling et al., 2006). The particulate matter emitted by jet engines of 
commercial aircraft are dominated by extremely fine particles, 10 to 20 
nm in size (Stacey, 2019). Accordingly, jet engines of commercial 
aircraft may constitute a significant source of UFP in airport surround
ings. Correlations between measured concentrations of particulate 
matter (PM2.5, PM10) and impact on health have been established from 
which maximum exposure limits have been derived. The WHO global air 
quality guidelines (2021) recommend an annual air quality guideline 
level for PM2.5 of 5 μg/m3 and a 24-h level of 15 μg/m3. The corre
sponding values of the PM10 air quality guideline levels are 15 μg/m3 

annually and 45 μg/m3 for 24 h. For UFP, however, the available in
formation is insufficient to derive air quality guideline levels although 
risks are indicated (WHO global air quality guidelines, 2021). This study 
investigates to which extent the downward transport of UFP emissions 

by aircraft wake vortices generated during approach may contribute to 
the UFP exposure of communities located close to Frankfurt Airport.

There have been also a number of studies of the dispersion of tracer 
gases or UFP in the wakes of ground transport vehicles which are also 
partly controlled by coherent wake vortex structures (e.g. Carpentieri 
et al., 2012; Mehel and Murzyn, 2015). Several studies demonstrate that 
the particle size distributions of aircraft emissions can be significantly 
different to those caused by other emissions and may be observable for 
some distance downwind of the source. Harm-Altstädter et al. (2024)
have investigated the vertical distributions of aircraft UFP emissions in 
the atmospheric boundary layer using a fixed-wing research drone about 
4 km downwind of the Berlin Brandenburg Airport. They found that the 
degree of stability of the boundary layer strongly affects the vertical UFP 
profiles which generally exhibit the highest concentrations in ground 
proximity. Austin et al. (2021) attempted to separate UFP emissions 
from Seattle Tacoma Airport and road traffic using multivariate analysis 
based on measurements of particle size and black carbon concentrations. 
Emissions that could be uniquely attributed to the air traffic extended up 
to distances of about 4 km to the runway ends (flight height about 230 
m). Ungeheuer et al. (2021) present particle-size-distribution 
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measurements with enhanced number concentrations of particles 
smaller than 50 nm during Frankfurt Airport operating hours when 
southwesterly winds were transporting the air masses over a four km 
distance from the airport to the measurement site close to Schwanheim. 
They further found that jet engine lubrication oils constitute excellent 
tracers for aircraft emissions, where the oil mass fraction is the largest in 
the smallest particles (Ungeheuer et al., 2022). Keuken et al. (2015)
show that air traffic may contribute to elevated particle number con
centrations downwind of Amsterdam Airport Schiphol even up to dis
tances of 40 km. They identify the flight phases of take-off and climb-out 
as the most important particle sources followed by taxiing, waiting at 
the gates, and landing. Hudda and Fruin (2016) measured particle 
number concentrations exceeding background concentrations routinely 
up to downwind distances of 18 km to Los Angeles International Airport 
at locations under the flight tracks of landing jets (aircraft altitudes up to 
about 950 m). Increases in particle number concentrations could be 
attributed to groups of landings jets up to distances of 2.75 km to the 
airport. The particles measured at larger distances to the airport could 
not be uniquely attributed to either wake vortex transport of the emis
sions from the glide path down to the ground or to downwind transport 
of airport emissions along the glide path direction by the dominating 
west winds originating from the Pacific Ocean. The present study was 
essentially motivated by concerned residents in the vicinity of Frankfurt 
Airport who were unsettled by the large area in which, according to 
Hudda and Fruin, wake vortices can transport UFP down into populated 
areas.

Graham and Raper (2006a) have developed a model for the 
entrainment and transport of exhausts to the ground by wake vortices 
close to airports. Their wake vortex model predicts quite small vortex 
descent distances ranging from 1.5 to 2.8 wingspans corresponding to 
50 m – 200 m (Graham and Raper, 2006b). By contrast, maximum 
descent distances of over 600 m of wake vortices generated by an A380 
aircraft in cruise have been verified with a research aircraft (Brown and 
Holzäpfel, 2025). Graham and Raper also compared the measured and 
predicted ground-level concentrations of NOx emissions at 1.2 km lon
gitudinal distance from the runway end and found that only about 1% of 
NOx was contributed by wake vortex transport. Misaka et al. (2012)
have conducted Large Eddy Simulations (LES) of the transport of passive 
tracers by wake vortices at various conditions of environmental turbu
lence intensities and stable thermal stratifications, where they focused 
on the analysis of the turbulent exchange processes between the 
vortices, the vortex oval, and the environment. Unterstrasser et al. 
(2014) investigated wake vortex transport of aircraft emissions and the 
dispersion of emissions during cruise flight using LES with Lagrangian 
particle tracking for various environmental conditions.

The exposure of airport environments to air traffic emissions has also 
been modeled with comprehensive air quality simulations (Unal et al., 
2005), while such investigations with air quality models typically 
neglect wake vortex transport of emissions towards the ground. Zhang 
et al. (2020) established an inventory for particle number emissions of 
different sources and coupled an atmospheric dispersion model with an 
aerosol dynamics model to quantify the aviation particle emissions from 
Zurich Airport. They found that the mass concentration attributable to 
aircraft emission was less than 1% of the annual mean concentration in 
most of the nearby communities while the particle number concentra
tions in these areas were increased by a factor of 2 to 10 compared to the 
background level.

The current study considers the transport of the UFP emissions by the 
wake vortices generated by aircraft approaching Frankfurt Airport along 
six different approach paths. The paper is the first to systematically 
investigate how large the area around an airport is in which UFP 
emissions from approaching aircraft can be transported to the ground by 
wake vortices and to classify how large this contribution could be 
compared to other sources at the airport. For this purpose, the fast-time 
Probabilistic Two-Phase wake vortex prediction model P2P has been 
enhanced for the prediction of the transport of a passive tracer with the 

descending wake vortex oval together with the associated turbulent 
mixing processes with its environment and the detrainment into a sec
ondary wake, both causing the dilution of the tracer on its way to the 
ground. The study considers the traffic mix of Frankfurt Airport and the 
respective wind conditions prevailing in the year 2019. The year 2019 
was selected in order to avoid adulterations of the traffic mix brought 
along by the COVID-19 crisis. The presented results comprise the dwell 
times of the wake vortices reaching the ground, the corresponding 
passive tracer concentrations, and UFP numbers. Finally, the computed 
UFP numbers are set into perspective to UFP number concentrations 
measured in the airport vicinity.

2. Method

2.1. Wake vortex model

The Probabilistic Two-Phase Wake Vortex Model (P2P) is a semi- 
empirical fast-time model, which was developed for probabilistic pre
dictions of the transport and decay of wake vortices (Holzäpfel, 2003). 
Originally, the P2P model was developed for the optimization of dy
namic pairwise aircraft separations on approach within a wake vortex 
warning system (Holzäpfel et al., 2021). It was later also applied to 
departures and cruise flights (Holzäpfel and Kladetzke, 2011; Sölch 
et al., 2016, Brown and Holzäpfel, 2025). For this purpose, the model 
must predict the formation, transport and decay of wake vortices quickly 
and reliably. To this end, P2P takes into account all relevant influencing 
variables of the vortex generator (wingspan, weight, speed, flight path 
angle) as well as the environmental parameters air density, wind 
(crosswind and headwind), wind shear, turbulence, thermal stratifica
tion and the influence of the ground (Holzäpfel, 2006; Holzäpfel and 
Steen, 2007). The model predicts both deterministic (mean) vortex 
development (D2P) and probabilistic envelopes with defined probabil
ities (P2P). P2P has been extensively validated with measurement data 
from over 16,000 cases from four US and ten EU measurement cam
paigns (Holzäpfel, 2003, 2006; Holzäpfel and Robins, 2004; Holzäpfel 
and Steen, 2007; Körner et al. 2017, 2019).

Fig. 1 shows an example of the development of a wake vortex near 
the ground measured with a 2-μm pulsed lidar system (symbols) and 
predicted with P2P (lines) in dimensionless variables. The vertical po
sition z* and the lateral position y* of the vortex core centers are nor
malised with the initial vortex spacing b0; the circulation Γ*, which is a 
measure of the strength of the vortices, is normalised with its initial 
value, and vortex age t*, is normalised by the time t0 the vortices need to 
descend by one vortex separation b0. The vortices generated at a height 
of about one vortex spacing above the ground initially descend due to 
mutual velocity induction before they rise again, driven by the inter
action with the ground (Fig. 1a). Due to the crosswind, the vortex 
behaviour becomes asymmetrical and the leeward vortex rises more 
strongly than the windward vortex. The influence of the ground also 
causes the vortices to diverge, while they experience a lateral drift 
driven by the crosswind (Fig. 1b). P2P models the interaction with the 
ground by subsequently introducing image vortices and secondary 
vortices (Holzäpfel and Steen, 2007), where the image vortices induce 
the divergence of the primary vortices and the secondary vortices their 
subsequent rebound.

The decay of the wake vortex proceeds in two phases (Fig. 1c) and is 
identical for both vortices. The slower decay in the so-called diffusion 
phase transitions to the rapid decay phase at t* = 1 due to the influence 
of the ground (Holzäpfel and Steen, 2007). The onset time of rapid decay 
is controlled by the parameter T2* and the decay rate by an effective 
viscosity ν2*, which are determined as a function of the energy dissi
pation rate of the ambient turbulence, the thermal stratification and the 
influence of the ground (see section 2.4). In the current study, the 
deterministic predictions marked with red and blue lines are used. The 
probabilistic envelopes, which are shown here for a 2-σ probability 
(95.4%), are used for conservative predictions of the vortex behaviour to 
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adjust aircraft separations and are not used here.
In this study the energy dissipation rate of the turbulence ε, is derived 

from the wind speeds according to a parameterisation by Donaldson and 
Bilanin (1975), whereby a turbulence level of 10% is assumed. Stable 
thermal stratification, on the other hand, is neglected, as the width of the 
area that can be reached by the UFP transport is determined by strong 
winds, which are typically associated with weak stratification. This is a 
conservative assumption that tends to slightly enlarge the catchment 
area for the UFP transport.

2.2. Traffic data

The aircraft parameters for determining the initial circulation of the 
wake vortices Γ0, and their separation b0, are taken from the Base of 
Aircraft Data (BADA) database (BADA, 2019). BADA contains the data of 
all aircraft types used in the study. The initial vortex spacing is esti
mated, assuming an elliptical distribution of circulation over the wing, 
to b0 = π/4 B, where B is the wingspan. The circulation is calculated 
according to 

Γ0 =
Mg

ρπ/4BV
(1) 

from the variables aircraft mass M, gravitational acceleration g, air 
density ρ, wingspan B and airspeed V. Landing masses are usually 
treated confidentially and are only very rarely available, as they allow 
conclusions to be drawn about the occupancy rates of airlines. So, the 
weight of the approaching aircraft is adjusted following data collected at 
Vienna Airport, which have an average value of 90% of the maximum 
landing weight (Holzäpfel and Rotshteyn, 2023). Measurements at 
Memphis and Dallas/Fort Worth airports showed slightly lower average 

landing weights of 85% of the maximum landing weight (Delisi et al., 
2013). According to BADA, the airspeed V, is successively reduced 
during the landing approach depending on the aircraft type, its mass and 
height above ground (Holzäpfel and Rotshteyn, 2023). The vertical 
profiles of the air density correspond to the International Standard At
mosphere (ISA).

Table 1 lists the considered aircraft types with the parameters rele
vant to this study. The analyses are carried out for air traffic and wind 
conditions in 2019. The number of approaches in 2019 is taken from 
statistics published by the airport (Frankfurt Airport Luftverkehrs
statistik, 2019). The 13 most common aircraft types account for 92.6% 
of aircraft movements, with the A320 family dominating with 49.6% of 
all approaches. Nevertheless, the proportion of aircraft in the ICAO 
Heavy category is relatively high at 19.9%. This is important, as the 
largest aircraft types also generate the longest-lived wake vortices with 
the greatest descent depths and therefore the largest catchment areas for 
UFP transport. Therefore, it is also favourable that the A380 is included 
in the traffic mix with a share of 1.7%. The aircraft types considered may 
be regarded as representative for the current purpose and are treated in 
the study as if they accounted for all traffic at the airport.

The airspeed, circulation and wake vortex time scale vary along an 
approach. The corresponding numerical values shown in Table 1
represent the final approach at altitudes below 300 m above ground. The 
wake vortex time scale corresponds to the time it takes for a young 
vortex to descend one vortex separation and scales with the lifetime of 
the wake vortex. The descent depth corresponds roughly to the altitude 
above ground at which the UFP emissions incorporated in the wake 
vortex can still reach the ground. This maximum descent depth or flight 
altitude is predicted for the longest-lived wake vortices in calm condi
tions without thermal stratification and without turbulence. The UFP 
numbers in the last column correspond to the number of non-volatile 
particles emitted in 1 s during the approach. They were kindly pro
vided by the Institute of Environmental Engineering (IfU) at ETH Zurich 
(Zhang et al., 2019; Zhang et al., 2020). The UFP numbers for approach 
were taken from the ICAO-EEDB (ICAO Aircraft Engine Emissions 
Databank, 2023). For this purpose, the most frequent engine type of a 
particular aircraft type was identified via its engine Unique Identifier 
(UID) number provided by Frankfurt Airport. For a given engine type the 
fuel flow rates and the resulting non-volatile particulate matter emission 
indices can be found in the ICAO-EEDB.

Fig. 2 provides an overview of Frankfurt Airport with its four run
ways and their designations (Table 2), the location of the meteorological 
measuring station (HLNUG), the wind rose for 2019 (Fig. 3) and the 
neighbouring locations reaching up to Frankfurt am Main.

Departures are not considered as they do not contribute to the 
maximum extent of the area in which UFP emissions can reach the 
ground through wake vortex transport. According to data from German 
Air Traffic Control (DFS), the majority of aircraft taking off, for example 
of the A320 type, already reach altitudes of over 600 m at a distance of 5 
km from the take-off point (Holzäpfel et al., 2009), while aircraft on 
approach have an altitude of only around 170 m at the same distance 
from the threshold (around 3 km, as the take-off point of the A320 is 
around 2 km from the landing threshold). Wake vortices from de
partures on the runway 18 West do not reach populated areas.

For the approaches to the individual runways, wake vortices are 
simulated starting at a distance of 12 km from the runway threshold in 
steps of Δx = 50 m down to the threshold, which is flown over at a height 
of 15 m (50 feet). This results in 240 support points per approach path 
for the P2P simulations. With a glide path angle of 3◦, the maximum 
flight altitude is 643 m, whereby the individual support points for the 
vortex predictions have an altitude difference of 2.6 m. Table 2 shows 
the runway usage for landings in 2019 (Umwelt-und Nachbarschaft
shaus, 2025).

The topography under the glide path is taken into account with 
elevation data in the WGS84 UTM Zone 32N projection, which has a 
resolution of 1 km x 1 km (GeoBasis-DE, 2021). For a given position of 

Fig. 1. Measured (symbols) and predicted (lines) wake vortex development 
near the ground in normalised parameters. (a) vertical position z*, (b) lateral 
position y*, and (c) vortex circulation Γ* against vortex age t*, (d) vertical 
profiles of the normalised meteorological parameters headwind u*, crosswind 
v*, vertical wind w*, turbulence velocity q*, turbulent kinetic energy dissipa
tion rate ε* (turbulence) and Brunt-Väisälä frequency N* (thermal 
stratification).
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vortex generation, however, the terrain remains flat for vortex transport, 
as the P2P ground effect model does not tolerate variable elevation.

2.3. Wind conditions

A wind climatology for the year 2019 is used to compute the 

transport of wake vortices by the wind. For each class of wind clima
tology, wake vortex predictions are carried out with the respective 
strength and direction of the wind and the predictions are weighted with 
the probability of the respective wind class.

The wind data used was provided by the Hessian Agency for Nature 
Conservation, Environment and Geology (HLNUG). The HLNUG 

Table 1 
Aircraft types considered, sorted by number of approaches with relevant parameters (ICAO: International Civil Aviation Organization, MTOW: maximum take-off 
weight, MLW: maximum landing weight, WV: wake vortex).

aircraft 
type

ICAO weight 
class

approaches MTOW 
[kg]

MLW 
[kg]

span, B 
[m]

airspeed, V 
[m/s]

circulation, 
Γ0 [m2/s]

WV-time-scale, 
t0 [s]

descent distance 
[m]

UFP [1/s]

A320 Medium 66,489 77,000 64,500 34.1 66.9 265 17.0 205 3.055 ⋅ 
1014

A321 Medium 39,678 83,000 73,500 34.1 68.6 294 15.3 205 1.704 ⋅ 
1015

A319 Medium 21,272 70,000 61,000 34.1 62.7 267 16.9 205 3.077 ⋅ 
1014

B737 Medium 20,124 78,300 65,310 34.3 70.5 253 18.0 208 3.008 ⋅ 
1014

CRJ1-9 Medium 19,587 38,000 34,065 24.9 67.1 191 12.5 116 1.185 ⋅ 
1012

E190 Medium 19,382 51,800 44,000 28.7 67.0 214 14.9 153 2.954 ⋅ 
1014

B777 Heavy 12,514 299,300 237,680 60.9 73.0 500 28.8 467 9.595 ⋅ 
1014

B747 Heavy 11,424 442,250 312,072 68.4 75.2 568 31.9 533 9.674 ⋅ 
1014

A330 Heavy 7824 212,000 179,000 60.3 66.3 419 33.6 459 1.401 ⋅ 
1015

A340 Heavy 5612 276,500 190,000 60.3 63.6 464 30.4 459 7.812 ⋅ 
1014

B767 Heavy 5293 186,880 145,150 47.6 73.1 391 22.4 341 8.158 ⋅ 
1014

A380 Super 4465 560,000 386,000 79.8 67.3 673 36.7 609 6.010 ⋅ 
1015

B788/9/X Heavy 4210 250,830 192,777 60.1 76.8 391 35.8 457 9.486 ⋅ 
1014

Fig. 2. Overview of Frankfurt Airport with its four runways, the location of the meteorological measuring station (HLNUG), the wind rose for 2019 and the 
neighbouring localities including the city of Frankfurt am Main (© Google, 2026).
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weather station with the coordinates 50.04325 N 8.597167 E is installed 
approximately 870 m north-west of runway threshold 25L. The wind 
measurements are recorded at a height of 10 m by an ultrasonic 
anemometer and average values are available for 30 min with a dis
cretisation of the wind speeds of 0.1 m/s and the wind directions of 1◦. 
This data was used to create a wind climatology with 720 wind classes 
with a wind direction resolution of 10◦ and a wind speed resolution of 1 
m/s. With the 240 support points for the P2P calculations along an 
approach, this results in 172,800 vortex predictions per runway and 
aircraft type.

Fig. 3 shows the resulting wind rose, in which the colour coding of 
the wind speed is selected in 2 m/s steps. The main wind directions of 
45◦ and 215◦ are offset by around 25◦ to 35◦ to the orientations of the 
runways. For wind classes that exceed a tailwind of 5 kts for a given 
runway, approaches are typically no longer carried out, so that they are 
not taken into account here either. To extrapolate the wind to other 
heights above ground, the logarithmic wind profile is used with a ground 
roughness of 0.05 m, which represents a cultivated landscape with very 
few buildings and trees.

2.4. Parameterisation of UFP transport

Until now, the transport of emissions by wake vortices was not 
included in the P2P model. High-resolution Large Eddy Simulations 
(LES) of the transport of passive tracers by wake vortices in various 
environmental conditions conducted by Misaka et al. (2012) are used to 
parameterise the UFP transport with P2P. On the length and time scales 
relevant for wake vortices, it can be assumed that the UFP particles are 

transported in a good approximation like a passive tracer and mixed 
with the environment. Considering the particle Stokes number St =
τp/τf, which relates the time scale of the particle relaxation to the time 
scale of the flow, it becomes clear that the UFP follow the fluid perfectly, 
since the Stokes number in the case under consideration is several orders 
of magnitude below one (Park and Park, 2021). So, also the simulation 
of a Kármán vortex street by Keita et al. (2019) illustrates that the 
dispersion of UFP is mainly controlled by the vortical structures and 
turbulent mixing in the investigated wake flow.

Firstly, the method and results of the LES by Misaka et al. (2012) are 
briefly recapitulated. Fig. 4 shows three different initial conditions for 
the distribution of the tracer in the oval bounding the air mass 
descending with the wake vortex. The wake vortex oval has a width of 
2.09 b0 and a height of 1.73 b0 with a cross-sectional area of Aoval = (π ⋅ 
1.73 ⋅ 2.09 b0

2)/4 (Greene, 1986). The two extreme assumptions that 
either only the vortex cores contain the tracer or that the entire oval is 
filled with tracer limit the spectrum of results. The initial condition, in 
which half the area of the oval contains the tracer, corresponds best with 
observations of contrail development at the end of the roll-up process of 
the wake vortex. The tracer concentration within the half-oval features a 
smooth transition from the vortex core to the half oval boundary 
following the magnitude of the modified stream function of the vortex 
pair. The parameterisation for P2P is based on this plausible mean 
assumption for the initial tracer distribution.

The LES elucidate that the tracer descends with the vortex oval but is 
also partly detrained from the oval forming a secondary wake that can 
extend up to the flight level (Misaka et al., 2012). Initially, the entire 
passive tracer descends with the wake, but at a later point in time, which 
depends on the environmental conditions, it is increasingly left behind 
in the secondary wake. It is remarkable how strongly the decrease in 
tracer concentration in the vortex oval correlates with the circulation 
decay of the wake vortices. Fig. 4 in Misaka et al. (2012) demonstrates 
that the half-lives for the circulation of the vortices and the concentra
tion of the tracer almost coincide. Only in the case of very stable strat
ification (N* = 1), which occurs only very rarely in nature, do the 
half-lives deviate more strongly from each other. This correlation 
considerably simplifies the parameterisation of tracer transport, as the 
dependence of vortex decay on ambient conditions has already been 
extensively validated and can now also be used for tracer transport.

Fig. 5 shows the normalised circulation decay of wake vortices for 

Table 2 
Runway utilisation for landings 2019.

runway utilisation (%)

07R 16.1
07C 0.1
07L 15.7
25R 28.5
25C 10.0
25L 29.6

Fig. 3. Wind rose for Frankfurt Airport and the year 2019 with alignment of the 
runway directions of 70◦ and 250◦ (transparent blue).

Fig. 4. Initial distributions of the tracer concentration in the vortex oval used in 
the LES. The unit of length corresponds to half the distance of one vortex 
separation b0.
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different degrees of the turbulent kinetic energy dissipation rate ε*, and 
the Brunt-Väisälä frequency N*, characterizing thermal stratification as 
calculated with P2P (lines with symbols). In the figure lines without 
symbols denote the corresponding developments of the tracer concen
trations in the primary wake c*, found in the LES. This comparison il
lustrates the correlation between decay and tracer concentration. In 
particular, the correlation of the rapid decay with the rapid decrease in 
concentration is clearly pronounced.

Fig. 6 now compares the temporal development of the passive tracer 
from the LES with the parameterisation developed for the P2P model. 
The P2P parameterisation has four phases. 

(i) The normalised tracer concentration descending with the pri
mary wake vortex pair c*, remains constant at the initial value of 
one until the time T2,trac*/2. The vortex age T2,trac* corresponds 
approximately to the time of onset of rapid vortex decay T2*, and 
is determined as a function of the ambient turbulence ε*, and 
thermal stratification N* (Holzäpfel, 2003). T2,trac* is 1.05⋅T2*, 

which ensures a smooth progression of the concentration 
distribution.

(ii) Then, until T2,trac*, there is a linear decrease in the concentration 
from c* = 1 to the value that the normalised circulation has at the 
time of the onset of rapid decay c* = Γ*(T2,trac*).

(iii) The concentration then follows the rapid decay of the circulation 
c*(t*) = Γ*(t*) for t* > T2,trac*

(iv) until the tracer concentration reaches the value c* = 0.35, which 
is maintained until the complete decay of the wake vortex (Γ* =
0).

The agreement between the tracer concentration curves of the LES 
and the P2P parameterisation is particularly good for the most frequent 
average weather situation at Frankfurt Airport, with weak stable strat
ification with a Brunt-Väisälä frequency of around N* = 0.35 paired 
with weak atmospheric turbulence of ε* = 0.01 (Frech et al., 2007).

For the calculation of the UFP transport, emission numbers of the 
individual aircraft types are used. These are available as non-volatile 
particle counts per second of flight. This means that the emissions 
behind the aircraft can be initialised via the airspeed as the number of 
particles emitted per simulated 50 m segment. These particles are 
transported with the wake vortices, whereby their number decreases 
according to the dilution caused by turbulent mixing and the detrain
ment into the secondary wake. Processes such as coagulation, conden
sation/evaporation or dry deposition are neglected.

As soon as a wake reaches the ground, the respective number of 
particles is assigned to the respective ground segment. A wake vortex 
has reached the ground when its wake vortex cores have descended 
below a height of z = 0.9 b0 above the ground. This corresponds to the 
height at which the vortex oval (see Fig. 4), which theoretically has a 
vertical dimension of 1.73 b0 (Greene, 1986), approximately touches the 
ground. Note that the study only considers the UFP transport over the 
lifetime of the generated wake vortices. The further drift of the particles 
by the wind after the disintegration of the wake vortices is not 
considered.

2.5. UFP immissions

In order to initialise the calculation of the UFP transport, the UFP 
emissions from Table 1 are used. Equation (2) illustrates how the target 
UFP number per 50 m x 50 m segment at the ground is weighted with the 
various parameters. 

UFP
(50 m)

2 =
∑13

j=1

numberaircraftj
numberaircrafttot

(
∑720

k=1

prob.windclassk

(
∑240

ix=0

UFP
s

⋅
50m
TASix

))

(2) 

First, the UFP emissions of an aircraft per second at true airspeed 
(TAS) are translated into emissions per 50 m segment (see Table 1). 
These emissions are released along the glide path at 240 support points 
and the transport and dilution of the UFP in space and time are calcu
lated with the P2P model starting from each support point. These cal
culations are carried out for all wind classes (see Fig. 3), whereby the 
probabilities of the wind classes add up to one. These calculations are 
then performed for all aircraft types in Table 1, totalled over the number 
of the different aircraft types (number aircraft) and divided by the 
number of approaches (number aircrafttot).

Next the UFP distributions on the ground caused by the entire traffic 
mix under consideration of all six runway approaches 07R, 07C, 07L, 
25R, 25C, and 25L are estimated. For this purpose, equation (2) is 
supplemented by the runway utilisation (RWY use).  

Fig. 5. Comparison of the circulation decay of P2P (lines with symbols) with 
the tracer concentration from the LES (lines). Normalised circulation Γ* and 
tracer concentration c* against vortex age t* for different values of energy 
dissipation rate ε* and Brunt-Väisälä frequency N*.

Fig. 6. Tracer concentration curve from the LES (lines) and corresponding P2P 
parameterisation (lines with symbols) for different environmental conditions.

F. Holzäpfel                                                                                                                                                                                                                                      Atmospheric Environment: X 30 (2026) 100446 

6 



All calculations are carried out for all approaches to the six runways 
and weighted and totalled with the frequency of the respective runway 
use according to Table 2. These calculations provide an overall view of 
the UFP emissions at Frankfurt Airport and allow the relative UFP 
impact under the different glide paths to be compared. However, due to 
the weighting of the individual glide paths with the runway utilisation, 
the UFP values determined do not correspond to the average immissions 
on the ground. For the latter, the calculations using equation (2) (see 
Fig. 9) can be used.

3. Results and discussions

3.1. Wake vortices and passive tracer

Fig. 7a shows the area in which the wake vortices generated by a 
B777 aircraft approaching runway 07R descend to a height of at least z 
= 0.9 b0 above ground with the winds prevailing in the year 2019. The 
runway threshold lies at the origin of the coordinate system and is 
labelled with a + symbol. The B777 was chosen as an example because it 
is the most common aircraft in the category Heavy in Frankfurt.

The distribution in the figure represents the dwell times of the wake 
vortices at the ground in a 50 m x 50 m grid. The wake vortices are 
transported by the winds of all 720 wind classes and the dwell times are 
weighted with the respective frequency of the wind class. Dwell times 
from both the port and starboard vortices are summed up. The area with 
the longest dwell times extends along the extended runway centre line 
and reaches a maximum of almost 53 s. Fig. 1a illustrates that the 
residence time below 0.9 b0 during the interaction of the vortices with 
the ground can be several characteristic time scales t0 (cf. Table 1).

The area of wake vortex ground hits in Fig. 7a is limited to 1% of the 
maximum dwell time corresponding to about 0.5 s. It extends up to a 
distance of 7900 m from the landing threshold in the opposite direction 
to the approach direction. There, the flight altitude is approximately 
440 m, which almost corresponds to the maximum descent depth of the 
B777 vortex of 467 m (see Table 1). The lateral dimensions are limited 
by − 1070 m < y < 1170 m.

Simulations with a flat ground (not shown) reveal that the topog
raphy under the glide path has only a very small influence on the wake 
vortex area, so that it extends only about 200 m further to a distance of 
8100 m from the runway threshold, which can be explained by the fact 
that the terrain slopes slightly in a south-westerly direction, while the 
lateral dimensions remain unchanged.

Fig. 7b shows an alternative representation of the wake vortex dwell 
times shown in Fig. 7a as a percentage. One hundred per cent means that 
a 50 m x 50 m field is hit by wake vortices on average on every approach. 
In fact, values far above 100% also occur, as a 50 m x 50 m area can have 
hits from several neighbouring support points along the glide path in 
which the P2P simulations are initialised in the event of headwinds or 
tailwinds. The percentages shown vary between 1% and 197%. With an 
axial extension of 7970 m, the area is only slightly longer than in Fig. 7a, 
but the lateral dimensions of − 1400 m < y < 1720 m are significantly 
larger.

Fig. 7c now shows the corresponding distribution of the normalised 
tracer concentration c*, on the ground. This describes the proportion of 
the emitted passive tracer that reaches the ground on an annual average. 
Obviously, the tracer concentration in a 50 m x 50 m field does not in
crease with the dwell time of the wake vortex or the number of hits in the 
field. Instead, the tracer concentration of the vortex oval is assigned to a 

field as soon as the vortices occur in a field below the limit height of 0.9 
b0. This appears to make sense, as the lateral dimensions of the vortex 
oval (see Fig. 4) and the cells of the measurement grid are of the same 
order of magnitude and the vortex oval extends over the full length of 
the cell.

In the P2P calculations, each 50 m x 50 m area is assigned the 
maximum concentration found during an aircraft approach in a wind 
class. The chosen representation thus corresponds to measurements that 
issue just the maximum concentration captured during an aircraft 
approach and do not take into account the initial increase in concen
trations and their subsequent decay. As the 240 P2P calculations are 
initialised at distances of 50 m along the glide path for an approach in 
one wind class, the 50 m x 50 m fields also receive hits from axially 
displaced initialisation points of the P2P calculations, which are offset to 
the grid fields in the axial direction, in the case of headwinds or tail
winds. Nevertheless, only the maximum value per field is taken into 
account, regardless of where the vortex prediction was initialised. The 
maximum values are totalled across all wind classes being weighted with 
the respective probability of the wind class.

The maximum value of the tracer on the ground is 0.672, i.e. 67% of 
the aircraft's emissions. The area shown is again limited to one hun
dredth of the maximum value, that is the minimum concentration shown 
is 0.0067. The maximum length from the threshold is 7970 m and the 
maximum width resides in the range − 1260 m < y < 1440 m. This 
means that the tracer area is only 70 m longer than the wake vortex area 
(Fig. 7a) and up to 270 m wider. The greater width results from the fact 
that the maximum concentration does not increase with the dwell times 
of wake vortices and is therefore relatively smaller, which also shifts the 
outermost 1%-contour to smaller values.

3.2. UFP immissions

The UFP immissions at the ground are estimated following the 
calculation method introduced in section 2.5. Apart from the initiali
sation of the emitted UFP numbers, the procedure is analogous to tracer 
transport. Accordingly, the distributions of the passive tracer (Fig. 7c) 
and the UFP concentrations (Fig. 8a) for runway 07R are also similar in 
size and shape.

Fig. 8a and b document the average UFP number distributions on the 
ground caused by the wake vortices of a B777 on approaches to runways 
07R and 25R considering all wind conditions. For approaches to 07R, 
the maximum UFP number is 4.42⋅1014, which corresponds to 67% of 
the emissions per second (per 50 m segment). The 1% area extends 
against the direction of flight almost up to x = 8000 m and in lateral 
direction between − 1260 m and 1440 m.

The maximum extension of the UFP area (based on 1% of UFPmax) 
against the flight direction up to almost x = 8000 m is determined by 
wake vortices, which were generated in calm or very weak headwinds of 
up to 1 m/s. With stronger headwinds, the turbulence intensity in
creases, so that the now faster decaying wake vortices can no longer 
descent as deep. In contrast, the maximum width of the UFP area is 
reached with strong crosswinds. The corresponding wind speeds of 4 m/ 
s to 8 m/s usually reach their climatological maximum value (cf. Fig. 3) 
if they are not capped by the tailwind criterion. With stronger tailwinds 
above 5 kts (2.57 m/s), approaches no longer take place.

The smallest UFP number found at the ground amounts to 1.31⋅1011 

or 0.3‰ of the UFP number maximum (not shown). This minimum is 
determined by the probability of the wind class that may transport UFP 

UFP(50 m)
2 =

∑6

i=1
RWY usei

(
∑13

j=1

number a/cj

number a/ctot

(
∑720

k=1
prob. wind classk

(
∑240

ix=0

UFP
s

⋅
50 m
TASix

)))

(3) 
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Fig. 7. Signatures of wake vortices at the ground being generated by a B777 approaching runway 07R at Frankfurt Airport. (a) dwell time at the ground; (b) 
percentage of vortex hits; (c) tracer distribution on the ground.
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to the outermost edges of the UFP area. The corresponding absolute 
boundaries of the UFP area are situated against flight direction at 8425 
m and the lateral extensions are − 2175 m and 2325 m.

For the approach direction 25R depicted in Fig. 8b, the maximum 
UFP value is 5.69⋅1014, which corresponds to approximately 87% of the 
emissions per second. The one per cent area now ends at x = 7870 m and 
lies in the lateral direction in the range − 1500 m < y < 1530 m. This 
means that the areas of UFP emissions differ significantly for the two 
approach directions, which can be explained by the different wind 
conditions and the more complex terrain profile under glide path 25R.

Fig. 9 shows the UFP number distributions on the ground caused by 
the total traffic mix, which consists of the 13 aircraft types listed in 
Table 1 with their respective numbers of approaches. The result of these 
calculations can be interpreted as the annual mean value of the UFP 
count in a 50 m x 50 m field on the ground for an approach of a fictitious 
average aircraft according to the traffic at Frankfurt Airport with the 
average effect of all wind conditions. As shown in the following chapter, 
the calculated UFP numbers for the traffic mix under consideration can 
also be interpreted approximately as the UFP numbers in a cube with a 
side length of 50 m.

For the approaches to runway 07R shown in Fig. 9a the maximum 
value of the UFP number distribution of the traffic mix is 3.70⋅1014 and 
is thus 16% smaller than the maximum of 4.42⋅1014 caused by the B777. 

This can be explained by the relatively low UFP emissions of the highly 
frequent A320 family (49.6% of all approaches) which is pushing down 
the maximum UFP numbers close to the threshold (Table 1). The edge 
contour of the UFP number shown is 3.70⋅1012. The length of the UFP 
area in the x-direction is x = 8500 m, which is 6% longer than the UFP 
area of the B777 (Fig. 8a), as the traffic mix contains the aircraft types 
B747 and A380 with their significantly greater wake vortex descent 
depths. In contrast, the lateral dimensions of − 1090 m < y < 1310 m are 
9% to 13% smaller.

Fig. 9b shows the corresponding UFP number distribution on the 
ground calculated for the traffic mix on approaches to runway 25R. The 
maximum value of 4.76⋅1014 is now slightly higher, while the longitu
dinal extension of the area of x = 8500 m is the same as for the approach 
to runway 07R. In contrast, the lateral dimensions are slightly larger 
with − 1260 m < y < 1420 m.

Next the UFP number distributions on the ground caused by the 
entire traffic mix along all six runway approaches are discussed. Figs. 10 
and 11 show the corresponding UFP number distributions for the two 
approach directions. The figures are again limited to 1% of the respec
tive maximum values. Fig. 10 shows the UFP areas for approach direc
tion 07. As the utilisation share of runway 07C is only 1‰, the UFP 
distribution is largely determined by the approaches to 07R (16.1%) and 
07L (15.7%). The maximum UFP number is 5.96⋅1013. Fig. 10 shows 

Fig. 8. UFP number distribution on the ground caused by the wake vortices of a B777 approaching (a) runway 07R and (b) runway 25R at Frankfurt Airport.
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UFP numbers for the towns of Rüsselsheim, Raunheim and Flörsheim, 
whereby the part of the development exposed to the highest UFP num
ber is selected in each case (white + symbols). These maximum values 
reside between 2% and 4.5% of the maximum UFP number calculated on 
the ground.

Fig. 11 shows the corresponding UFP number distribution for 
approach direction 25. As around 68% of the approaches in 2019 took 
place in approach direction 25, the UFP maximum of 1.36⋅1014 particles 
is around twice as large as for approach direction 07. As 10% of the 
approaches took place on the 25C, the contribution of the centre runway 
to the UFP distribution is now also clearly recognisable. The maximum 
UFP loads in the towns of Kelsterbach, Niederrad and Neu-Isenburg 
reside between 1% and 2% of the maximum UFP number for approach 
direction 25, with the towns of Kelsterbach and Niederrad both just 
bordering on the one per cent contour. In absolute terms, the UFP 
numbers in the towns of the two approach directions are similar, as two 
opposing effects more or less cancel each other out. On the one hand, the 
districts affected by approach direction 07 are significantly closer to the 
areas with a high UFP input, while on the other hand the air traffic is 
only about half as frequent.

For both approach directions, the maximum number of UFPs can be 

found at a distance of approximately 1 km from the landing threshold 
along the extended runway centre line. At a distance of approximately 9 
km from the landing threshold, the UFP count has decreased to less than 
1% of the maximum value on the ground. The maximum lateral distance 
from the extended runway centre lines amounts to about 1400 m.

3.3. Mapping simulation results to measured UFP number concentrations

The results of the calculations of the current study are available in 
the form of non-volatile UFP numbers in 50 m x 50 m fields, whereby the 
calculated UFP transport is weighted with the wind conditions of the 
entire year 2019. In Fig. 9 the calculations are weighted according to the 
traffic mix, while Figs. 10 and 11 also consider the runway usage. In 
order to be able to better evaluate these results, the calculated UFP 
numbers are to be set in relation to measurable UFP number concen
trations (UFP number/cm3).

Long-term measurements at the Umweltbundesamt Luftmessnetz- 
Zentrale in Langen, which is situated about 7 km southeasterly from 
Frankfurt Airport, report UFP background concentrations of 8702/cm3 

with a standard deviation of 5890/cm3 (García-Marlès et al., 2024). At 
Schwanheim (mobile measurements in Fig. 11), background 

Fig. 9. UFP number distribution on the ground caused by the wake vortices of the traffic mix listed in Table 1 on approach to (a) runway 07R and (b) runway 25R at 
Frankfurt Airport.
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concentrations of approximately 6000/cm3 were measured with a mo
bile ground measuring station (Schmitt et al., 2025), which are well 
within the range found in the long-term observations at Langen. In 
southerly winds, emissions from the airport are carried over a distance 
of around 4 km to the measuring station near Schwanheim, which leads 
to significantly increased UFP particle concentrations of around 50, 
000/cm3. The ratio between volatile and non-volatile particles can be 
estimated at around nine for the regional UFP background (cf. Engler 
et al., 2007). So, the background concentration of non-volatile UFP is 
estimated to 670/cm3 while the emissions advected from the airport to 
the UFP instrumentation amounts to about 5600/cm3. Since the entire 
analysis is based on a constant ratio of volatile and non-volatile particles 
of nine to one, the percentage contribution from wake vortices would 
not change even if the total number of particles was analysed.

Next, an average volume of the descending vortex oval is estimated 
for the traffic mix at Frankfurt Airport. A mean vortex spacing b0.mean of 
30.7 m can be derived from the traffic mix. The corresponding vortex 
oval then has a cross-section of Aoval, mean = (π ⋅ 1.73 ⋅ 2.09 b0,mean

2 )/4 =

2676 m2 (Greene, 1986). At the grid length of 50 m, the mean vortex 
oval therefore has a volume of Voval, mean,50m = 133,800 m3 = 1.34⋅1011 

cm3. If it is assumed alternatively that the volume of the computational 
grid would be cube-shaped and therefore 50 m high, a grid element has a 
volume of Vmesh,50m = (50 m)3 = 125,000 m3 = 1.25⋅1011 cm3. This 
means that the volumes of the average vortex oval and the computa
tional grid are approximately the same.

Now the UFP number for approaches to runway 07R with the entire 
traffic mix (see Fig. 9a) along the edge contour of 3.70⋅1012 can be 
converted to around 28/cm3 to 30/cm3 via the size of the computational 
grid or vortex oval, respectively. For runway 25R with the UFP bound
ary contour of 4.76⋅1012 (Figs. 9b), 36/cm3 to 38/cm3 are obtained. So, 
the UFP number concentration of non-volatile particles contributed by 
wake vortex transport close to the mobile measurements site of less than 
36 to 38/cm3, amounts to less than 6% of the background concentration 
of non-volatile particles determined to 670/cm3.

Furthermore, one may estimate what UFP concentration would be 
expected if the wake vortex of a selected aircraft type were to hit a 

Fig. 10. UFP number distribution on the ground caused by wake vortices of the entire traffic mix in 2019 for approach direction 07 (© Google, 2024).

Fig. 11. UFP count distribution on the ground caused by wake vortices of the entire traffic mix in 2019 for approach direction 25. Mobile measurement site (ground 
and vertical measurements) as part of the SOURCE FFR measurements • modelling (© Google, 2024).
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measuring point on the ground directly. Firstly, the most frequently 
landing aircraft type A320 is considered. According to Table 1, the A320 
emits UFP/s = 3.055⋅1014, which at a flight speed of 66.9 m/s is 
translated into a UFP number along a 50 m flight path of UFP/50m =
2.28⋅1014. The vortex oval of the A320 with a cross-sectional area of 
Aoval = 2037 m2 has a volume of Voval,50m = 101,850 m3 = 1.02⋅1011 

cm3. Assuming that the UFP concentration is generally diluted to 35% of 
the initial concentration when it reaches the ground (see Fig. 6), this 
results in a UFP concentration of 784/cm3. This means that the UFP 
concentration is only about 1.2 times the measured background con
centration of approximately 670/cm3, even in the case of a wake vortex 
hit of an A320. A wake vortex hit thus corresponds to around 14% of the 
measured values in Schwanheim in a southerly wind with direct input of 
non-volatile particles from the airport (50,000/cm3/9 = 5560/cm3).

The wake vortex of the A380 has the largest dimensions, the longest 
lifetime and the deepest descent distance and is therefore most likely to 
reach the areas with the maximum distance from the runway threshold. 
The emissions of the A380 of UFP/s = 6.01⋅1015 with a flight speed of 
67.3 m/s result in an emission of UFP/50m = 4.47⋅1015 per 50 m flight 
path. The vortex oval has a cross-section of Aoval = 11,155 m2 and a 
volume of Voval,50m = 557,750 m3 = 5.58⋅1011 cm3. Diluting the UFP to 
35% results in a UFP concentration of 2805/cm3, which is approxi
mately four times the background concentration of 670/cm3. Even this 
highest estimated value for the UFP input from wake vortices corre
sponds to only around 50% of the measured values in Schwanheim, as 
determined there in a southerly wind with direct particle input from the 
airport.

But how can the relatively small contribution of wake vortex trans
port to the UFP concentration on the ground be explained? Zhang et al. 
(2020) show in their Fig. 4 that the share of approaching aircraft in the 
total emissions in the vicinity of Zurich Airport is less than 3%. The 
proportion of taxiing, on the other hand, is over 60%. Assuming that the 
respective shares at Frankfurt Airport are of a similar order of magni
tude, it follows that the contribution of UFP transport by wake vortices is 
relatively low, because the emissions during the approach are already 
very small. In contrast, emissions close to the ground (APU (auxiliary 
power unit), taxiing, take-off run, landing run) clearly dominate the 
contributions to the UFP, which can be transported to Schwanheim and 
measured under corresponding wind conditions.

4. Summary

In order to assess the contribution of the UFP transport by wake 
vortices to the ground, the wake vortices generated during approaches 
to Frankfurt Airport in 2019 were simulated. The P2P wake vortex 
model used for this purpose was extended to include a parameterisation 
of the transport of a passive tracer by the wake vortex. Processes such as 
coagulation, condensation/evaporation or dry deposition are neglected. 
The study only considers the UFP transport over the lifetime of the wake 
vortices generated. The further drift of the particles by the wind is not 
considered.

To illustrate the main mechanisms, first the dwell times of the wake 
vortices reaching down to the ground, as well as the passive tracer, and 
the UFP concentrations were presented and discussed for a B777 as an 
exemplary large wake vortex generator. The further calculations were 
based on the traffic mix at Frankfurt Airport in 2019. The results of these 
calculations can be interpreted as the mean values of the UFP numbers in 
a 50 m x 50 m mesh on the ground for approaches of a fictitious average 
aircraft according to the traffic at Frankfurt Airport with the average 
effect of all wind conditions within one annual cycle.

The maximum UFP numbers are found up to a distance of about 1 km 
from the threshold directly under the glide path. At a distance of 
approximately 9 km from the landing threshold (along the extended 
centre line of the respective runway), the UFP numbers have dropped to 
less than one per cent of their maximum value on the ground, which 
corresponds to less than 6% of the background number concentration of 

non-volatile particles measured at about 4 km distance to the airport. 
The maximum lateral extension of the area with UFP numbers of at least 
one per cent of the maximum value extends up to a distance of 1400 m 
from the extended centre lines of the runways. The maximum exposure 
of some localities in the approach area was determined as an example 
(Flörsheim < 0.05 UFPmax, Rüsselsheim < 0.02 UFPmax, Raunheim <
0.03 UFPmax, Neu-Isenburg < 0.02 UFPmax, Kelsterbach < 0.01 UFPmax, 
Niederrad < 0.01 UFPmax).

Compared to a background concentration of non-volatile particles of 
around 670/cm3 measured near Schwanheim, the climatological 
average UFP input at the edge of the areas shown is very low at less than 
40/cm3. In the event of a direct wake vortex hit, the UFP count ranges 
from the background concentration value up to four times its value, 
depending on the aircraft type. If the wind transports the ground-level 
emissions of the airport directly to an area over a distance of around 
4 km, UFP inputs from direct wake turbulence hits would correspond to 
only 14% (A320) and up to 50% (A380) of the ambient load.

The contribution of UFP transport by wake vortices appears rela
tively small compared to the background concentration and in particular 
to the ground-level emissions from the airport. This is primarily due to 
the fact that the emissions during the landing approach are already 
comparatively small and only amount to less than 3% of the airport's 
ground-level emissions (APU, taxiing, take-off run, landing run). 
Another reason is that wake vortices only reach many areas (which are 
not under the glide path) under certain wind conditions and direct wake 
vortex hits in these areas are therefore rare.

The current study confirms the findings of Zhang et al. (2020) who 
suggested that the contribution of UFP emissions of aircraft approaches 
is very small compared to other sources at an airport which comprise 
APU, taxiing, take-off runs, and landing runs. The maximum distance 
from the runway ends of about 11,500 m, where wake vortices may 
descend down to the ground, will be reached by the wake vortices 
generated by an A380 aircraft under weakly stably stratified and low 
turbulence conditions (Brown and Holzäpfel, 2025). Even such rare 
events of 600 m wake vortex descents will contribute UFP immissions 
which are only a few times higher than the background concentrations 
found in regions like Frankfurt. This makes clear that particle number 
concentration increases reported at distances of 18 km (Hudda and 
Fruin, 2016) or even 40 km (Keuken et al., 2015) from airports cannot be 
attributed to downward transport of wake vortices but must be caused 
by the advection of the emissions from the airport itself.
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Frech, M., Holzäpfel, F., Tafferner, A., Gerz, T., 2007. High-resolution weather data base 
for the terminal area of frankfurt airport. J. Appl. Meteorol. Climatol. 46, 
1913–1932. https://doi.org/10.1175/2007JAMC1513.1.

García-Marlès, M., Trecehera, P., Liu, X., Petäjä, T., Harrison, R., Hopke, P., 
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