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EXECUTIVE SUMMARY

Emissions from aircraft have adverse effects on the air quality in and around airports,
contributing to public health concerns within neighbouring communities. AVIATOR will adopt a
multi-level measurement, modelling and assessment approach to develop an improved
description and quantification of the relevant aircraft engine emissions, and their impact on air
quality under different climatic conditions.

This deliverable provides a survey on comprehensive literature available on ultrafine particles
and measurements in airport vicinity. After an initial introduction to ultrafine particles selected
results from scientific literature and presented on particulate emissions and ambient
measurements downwind from runway in airport vicinity. A section on regulatory issues is
included and a comprehensive list of references concludes this deliverable.
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LIST OF ABBREVIATIONS

In this deliverable a number of abbreviations are used.

APU Auxiliary power unit

CAEP Committee on Aviation Environmental Protection (within ICAO)
GSE Ground support equipment

ICAO International Civil Aviation Organization
MAB Madrid Air Basin

MMA Madrid Metropolitan Area

NPF New particle formation

nvPM non-volatile particulate matter

PM Particulate matter

PNC Particle number concentrations

PNSD Particle number size distribution

SOA Secondary organic aerosols

UFP Ultrafine particles

VOC Volatile organic compound

WP Work package

Page 6 of 24
AVIATOR-GE-TEM-001-CO-v1.0-FINAL



AV'AT¢R Deliverable D5.1

LITERATURE SURVEY ON PARTICULATE MATTER

1. Introduction

Emissions from aircraft have adverse effects on the air quality in and around airports,
contributing to public health concerns within neighbouring communities. AVIATOR will adopt a
multi-level measurement, modelling and assessment approach to develop an improved
description and quantification of the relevant aircraft engine emissions, and their impact on air
quality under different climatic conditions.

Aircraft main engines and APU emit volatile precursors of PM and non-volatile PM in form of
soot or black carbon with diameter below 100 nm (UFP) and volatile material. In the process of
dilution of the exhaust with ambient air, the particles are coated by volatile species and new
volatile particles are created from a range of gaseous sulphates and organic precursors (Karcher
et al., 2000; Timko et al., 2013). Superimposed on these processes is the overall physical
dynamics of the exhaust flow. While there is an increasing amount of measurement data and
theoretical estimates of the mass and number emission of nvPM, major gaps exist in
understanding and modelling the subsequent aging processes and formation of particles from
volatile and semi-volatile PM. These processes can have strong impact on the resulting pollutant
concentration in and around an airport.

Within AVIATOR, work package WP5 "Modelling of plume microphysics, chemistry and
dynamics" aims for a deeper understanding of these effects by comprehensive modelling
towards more realistic dispersion calculations for key pollutants emitted from aircraft main
engines and APU, with focus on non-volatile and volatile UFP (particle composition, number
concentration and size distribution). This deliverable contains a comprehensive survey of
relevant literature on measurements in airport vicinity with a particular focus on ultrafine
particles. This deliverable might be updated during the course of the project, if identified to be
efficient in terms of, e.g. new literature or novel regulatory issues.
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2. Scientific framework of ultrafine particles

In this survey, we provide an overview on studies dealing with measurement of particulate
matter in airport vicinity, with a particular focus on ultrafine particles. In the following we use
the term aircraft emission uniformly when authors suggest that emissions originate from aircraft
engines, while recognizing that a clear source attribution to engine exit emissions is in general
not provided.

2.1. General clarification

Atmospheric particles such as UFP (ultrafine particles < 100 nm) can affect atmospheric
chemistry, human health and climate (e.g., Atkinson et al., 2014; Kulmala et al., 2016a, 2004).
Descriptions on relevance of ultrafine particles in the atmosphere and characteristics on
measurements can be found in recent scientific literature, presenting results from atmospheric
measurement campaigns, e.g. Agudelo-Castaneda et al. (2019). It has been reported that UFP
have the potential to contribute to an increase in the health impact of aerosols because their
fine size allow UFP to penetrate and deposit in the deeper respiratory system, or even penetrate
the pulmonary epithelium and olfactory nerve (HEI, 2013) and reach the cardiovascular system
and hence other body organs.

2.2. Nature and origin of ultrafine particles

The origin of UFP can be related to specific emission sources (mostly combustion sources), such
as road traffic, shipping, industrial sources (e.g., Charron and Harrison, 2003; Cheung et al.,
2013; Johnson et al., 2014), as well as airports (Keuken et al., 2015a, 2015b) or newly produced
within the atmosphere by homogeneous nucleation processes of gaseous compounds. Thus,
UFP may be of both primary and secondary origin.

Nucleation is known as well as gas to particle conversion or new particle formation (Kulmala,
2003). This phenomenon is observed everywhere in the atmosphere (Kulmala et al., 2004) and
has been widely studied in the last 25 years. The main aim of most of the studies done in this
domain was to find the specific compounds and mechanisms behind new particle formation.

The first compound found to be strongly involved in atmospheric new particle formation was
sulfuric acid, but despite its key role in this phenomenon, the particle formation rates observed
could not be explained with the concentration of sulfuric acid found in the atmosphere (Sipila
et al., 2010). The sources of sulfuric acid present in the atmosphere can be anthropogenic, for
example SO, coming from transport emissions, or biogenic, for example dimethyl sulfide (DMS)
coming from oceans (Jamriska et al., 2008; Kumar et al., 2010; Morawska et al., 2008, Chang et
al. 2011).

The second compound found to be a key player in new particle formation together sulfuric acid
was ammonia. It was able to stabilize molecular clusters formed by sulfuric acid (Ortega et al.
2008), increasing new particle formation rates (Kirkby et al., 2011). Although the observed
enhancement of particle formation rates by these two compounds, the observed formation
rates were still far from those observed in the atmosphere. As the stabilizing effect observed
was linked to the acid-base interaction between the sulfuric acid and the ammonia, other bases
present in the atmosphere, as amines, were investigated. Experiments performed in the frame
of CLOUD experiment at CERN showed that indeed amines were able to stabilize sulfuric acid
much more than ammonia, leading to formation rates close to those observed in the
atmosphere (Almeida et al., 2013). The only question still open is the high new particle formation
rates observed in environments are the levels of sulfuric acid were low, like for example boreal
forest. In a recent work done as well in the frame of CLOUD experiment, a novel new particle
formation mechanism, without the participation of sulfuric acid was discovered. Highly oxidized
molecules (HOMs) coming from oxidation of biogenic monoterpenes were found to form new

Page 8 of 24
AVIATOR-GE-TEM-001-CO-v1.0-FINAL



AV'AT ?R Deliverable D5.1

particles when concentration of sulfuric acid was low (Kirkby et al., 2016). Although this work is
limited to biogenic organic compounds, is most likely that anthropogenic organics compounds
as well able to follow the same mechanism.
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3. Particle measurements including UFP

3.1. Measurement of particles from aircraft

Aircraft are important sources of submicron particles, as shown by studies on emissions from jet
engines (Kinsey et al., 2010; Mazaheri et al., 2011; Vander Wal et al., 2014)

Lobo et al. (2015) describe the results of the physical characterization of aircraft engine PM
emission measurements conducted during the Delta-Atlanta Hartsfield Study at the Hartsfield-
Jackson Atlanta International Airport. Engine exit plane PM emissions were sampled from on-
wing engines on several in-service commercial transport aircraft from the fleet of Delta Airlines.
They found size distributions to be lognormal in nature with a single mode. The geometric mean
diameter was found to increase with increasing engine thrust, ranging from 15 nm at idle to 40
nm at take-off. PM number- and mass-based emission indices were observed to be higher at the
idle conditions (4% and 7%), lowest at 15%—30% thrust, and then increase with increasing thrust.
In an earlier study Lobo et al. (2007) present results from emission measurements at the engine
exit plane (1m) as well as locations 10 and 30 m downstream. They found the soluble mass
fraction to be increasing with distance from engine exit plane and with increasing aromatic and
sulphur content.

Lobo et al. (2015) present emissions measurements in what they call an advected plume study
where over 300 exhaust plumes generated by a broad mix of commercial transports were
sampled 100-350 m downwind from aircraft operational runways during normal airport
operations. The range of values measured at take-off for the different engine types in terms of
PM number-based emission index was between 7 x 10— 9 x 10" particles/kg fuel burned, and
that for PM mass-based emission index was 0.1 — 0.6 g/kg fuel burned. PM characteristics of
aircraft engine specific exhaust were found to evolve over time as the exhaust plume expands,
dilutes with ambient air, and cools.

Beyersdorf et al. (2014) study the formation of volatile aerosols (defined as any aerosol formed
as the plume ages) in more detail. Tests were performed at varying ambient temperatures (-4
to 20 °C). They reported that at idle, particle number and volume emissions were reduced
linearly with increasing ambient temperature, with best fit slopes corresponding to -8 x 10%*
particles (kg fuel)™® °C™? for particle number emissions and -10 mm? (kg fuel)™ °C™* for particle
volume emissions. They indicated that temperature dependency of aerosol formation could
have large effects on local air quality surrounding airports in cold regions. Aircraft-produced
aerosol number concentrations in these regions would be much larger than levels expected
based solely on measurements made directly at the engine exit plane. They reported that the
majority (90% at idle) of the volatile aerosol mass formed as nucleation-mode aerosols, with a
smaller fraction as a soot coating. Conversion efficiencies of up to 2.8% were measured for the
partitioning of gas-phase precursors (unburned hydrocarbons and SO,) to form volatile aerosols
and they reported that highest conversion efficiencies were measured at 45% power.

Miracoli et al. (2011) report on experiments which investigate the effects of photo-oxidation on
fine particle emissions from an in-use CFM56-2B gas turbine engine mounted on a KC-135
Stratotanker airframe. Emissions were sampled into a portable smog chamber from a rake inlet
installed one-meter downstream of the engine exit plane of a parked and chocked aircraft. This
chamber was then exposed to sunlight and/or UV lights to initiate photo-oxidation. They
performed separate tests at different engine loads (4, 7, 30, 85%) and found that photo-
oxidation created substantial secondary particulate matter (PM), greatly exceeding the direct
PM emissions at each engine load after an hour or less of aging at typical summertime
conditions. Specifically, they reported that after several hours of photo-oxidation, the ratio of
secondary-to-primary PM mass was on average 35+4.1,17+2.5,60 % 2.2, and 2.7 + 1.1 for the
4, 7, 30, and 85% load experiments, respectively. They concluded that the composition of
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secondary PM formed strongly depended on load. The authors reported that at 4% load,
secondary PM was dominated by secondary organic aerosol (SOA), while at higher loads, the
secondary PM was mainly secondary sulphate.

Miracoli et al. (2011) present that a traditional SOA model that accounts for SOA formation from
single-ring aromatics and other volatile organic compounds, underpredicts the measured SOA
formation by ~60% at 4% load and ~40% at 85% load when investigating photo-oxidation. They
reported that large amounts of lower-volatility organic vapours were measured in the exhaust;
they represented a significant pool of SOA precursors that were not included in traditional SOA
models. They concluded that these results underscored the importance of accounting for
atmospheric processing when assessing the influence of aircraft emissions on ambient PM
levels. Models that did not account for this processing would likely underpredict the
contribution of aircraft emissions to local and regional air pollution.

Trueblood et al. (2018) report on deployment of a robust hygroscopicity tandem differential
mobility analyzer (HTDMA) from a CFM56-2C1 aircraft gas turbine engine. They found that
Growth Factor (GF) and the hygroscopy parameter (k) increased with fuel sulphur content and
engine thrust condition, and decreased with increasing dry particle diameter. The highest GF
and k values were found in the smallest particles, typically those with diameters of 10 nm.

3.2. Measurements of particles at urban sites and airport vicinity

Similarly measurements at and near airports show that aircraft are important sources of
submicron particles (Hudda et al., 2014; Keuken et al., 2012; Westerdahl et al., 2008), reporting
increases in particle number concentrations of UFP near airports (e.g. Westerdahl et al., 2008;
Hu et al., 2009; Klapmeyer et al., 2012; Hsu et al., 2012a,b; Brilke et al., 2019).

For example, Hsu et al. (2013) and Stafoggia et al. (2016) detecte substantial increases in total
PNC at the airports of Los Angeles (CA, USA) and Rome Ciampino (ltaly), respectively, in the
few minutes after take-offs, especially downwind, while landings make only a modest
contribution to ground-level PNC observations.

Hsu et al. (2014) observe that departures and arrivals on a major runway of Green International
Airport (Warwick, RI, USA) have a significant influence on UFP concentrations in a
neighbourhood proximate to the end of the runway.

In a study carried out at Los Angeles International Airport (CA, USA), Hudda et al. (2014)
conclude that emissions from the airport increase PNC by 4- to 5-fold at 8—10 km downwind of
the airfield, while Shirmohammadi et al. (2017) reporte that the daily contributions of the airport
to PNC are approximately 11 times greater than those from three surrounding freeways.

Costabile et al. (2015) report on measurement of Black Carbon (BC) aerosol in an urban airport
vs. urban background environment in a Mediterranean area (Rome), while proposing a scheme
to assess the ultrafine BC in the bulk aerosol.

Keuken et al. (2015) present total and size-resolved PNC, and black carbon concentrations, from
measurements near Schiphol airport and report an elevation in ultrafine particles by a factor of
3 at 7 km downwind of Schiphol airport. Black carbon (BC) was measured as a sensitive indicator
of the mass of PM in combustion emissions (Maricq, 2007). For the measurement site, take-off
and climb-out from two specific runways, followed by taxiing and waiting at the gates, and
landing at another runway were identified as the four most important sources of elevated PNC
downwind of Schiphol at the Adamse Bos. The significance of PN emissions from takeoff and
climb-out at Schiphol is in agreement with other studies (e.g. Mazaheri et al., 2011).

Hudda et al. (2016) reporte that average PNC were 2- and 1.33-fold higher at sites 4 and 7.3 km
from Boston (MA, USA) airport when winds are from the direction of the airfield compared to
other directions.
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Masiol et al. (2017) report on sampling campaigns new Heathrow airport carried out during
warm and cold seasons at a site close to the airfield (1.2 km), indicating that size spectra are
dominated by ultrafine particles: nucleation particles (< 30 nm) are found to be about 10 times
higher than those commonly measured in urban environment. However, they state that despite
strong evidence that aircraft (and hence airports) are major sources of UFP, their fingerprint
within the particle number size distribution (PNSD) may be difficult to identify. They justify this
with four reasons: (i) the nature of semi-volatile compounds emitted by aircraft, (ii) the possible
mechanisms of secondary aerosol formation, (iii) the dilution effect and (iv) the similar modal
structures of other emission sources concurrently found in cities, such as road traffic (Masiol
and Harrison, 2014).

A recent study by Brilke et al. (2019) reports on measurements at a measurement site with
strong local pollution sources. Measurements are part of the A-LIFE study aiming to characterize
new particle formation (NPF) in the Eastern Mediterranean region. They found nearby Paphos
airport to be a large emission source for nucleation mode particles and the authors analysed the
size distribution of the aircraft emission plumes at approximately 500 m from the main runway.
Those events occurring during evening hours that were correlated with high NO and NO;
concentrations (17 plumes) were averaged over the length of each single emission plume.
Clearly, a substantial fraction of the particle size distribution is distributed in the sub-10 nm size
region. The mode diameter of the aircraft emission plumes was inferred by averaging all 17
airport emission events, and the mode diameter of the averaged size distribution of all events is
given at 12.6 nm in this recent study. Total particle concentration measured during this study
exceeds 10° cm™ during plume-impacted time intervals. Authors report that they meet the
challenge of measuring sub-10 nm particles using the newly-developed DMA-train (Stolzenburg
etal., 2017).

The analysis yielded 9 NPF events in 27 measurement days from the combined analysis of the
DMA-train, MPSS and trace gas monitors. Growth rate calculations were performed and a size-
dependency of the initial growth rate (< 10 nm) is observed for one event case. Fast changes of
the sub-10 nm size distribution on the timescale of a few minutes are captured by the DMA-train
measurement during early particle growth and are discussed in a second event case. In 2 cases,
particle formation and growth were detected in the nucleation mode size range which did not
exceed the 10 nm threshold. This finding implies that NPF likely occurs more frequently than
estimated from studies where the lower nanometre size regime is not covered by the size
distribution measurements.

A recent review of aircraft and airport emissions (Masiol and Harrison, 2014) concluded that
‘despite the increased attention given to aircraft emissions at ground level and air pollution in
the vicinity of airports, many research gaps remain’, including emissions and dispersion of
submicron particles.

Generally, studies performed within or close to airports have reported increases in particles
ranging from 4 to 100 nm in diameter and mostly distributed in the nucleation range (< 30 nm).
Mazaheri et al. (2009) showed a main nucleation mode and an accumulation mode (40—-100 nm)
more evident during take-offs; Keuken et al. (2015) reported PNSD dominated by 10—-20 nm
particles in an area affected by emissions from Schiphol airport (the Netherlands); Hudda and
Fruin (2016) found strong increases in particles smaller than 40 nm downwind of Los Angeles
International Airport; Ren et al. (2016) showed that particles peaking at 16 nm dominate the
PNSD at various distances from the runway of Tianjin International Airport, China; Masiol et al.
(2016) reported that the fingerprint of aircraft emissions sampled under real ambient conditions
at the airport of Venice (Italy) has a main mode at approx. 80 nm and a second mode in the
nucleation range below 14 nm.

3.3. Field campaign in Madrid targeting UFP and ozone
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Vertical soundings in a suburban environment in Madrid (Spain) during a field campaign in July
2016 demonstrate that ultrafine particles (UFP) are formed exclusively inside the mixed layer
(Carnerero et al., 2018). As convection becomes more effective and the mixed layer grows, UFP
are detected at higher levels. The morning soundings revealed the presence of a residual layer
in the upper levels in which aged particles (nucleated and grown on previous days) prevail. The
particles in this layer also grow in size, with growth rates significantly smaller than those inside
the mixed layer. Under conditions with strong enough convection, the soundings reveale
homogeneous number size distributions and growth rates at all altitudes, which follow the same
evolution at the other stations considered in this study. This indicates that UFPs are detected
quasi-homogenously in an area spanning at least 17 km horizontally. The NPF events extend over
the full vertical extension of the mixed layer, which can reach as high as 3000 m in the area,
according to previous studies.

Various studies have reported that the photochemical nucleation of new ultrafine particles in
urban environments within high insolation regions occurs simultaneously with high ground
ozone (Os) levels. During this field campaign in July 2016, additionally atmospheric dynamics
leading to summer O3 episodes in the Madrid air basin (central Iberia) by means of measuring a
3-D distribution of concentrations for both pollutants were evaluated (Querol et al., 2018). The
results demonstrate the concatenation of venting and accumulation episodes, with relative lows
(venting) and peaks (accumulation) in Os surface levels. Regardless of the episode type, the
fumigation of high-altitude Os (arising from a variety of origins) is found to contribute the major
proportion of surface O; concentrations. Accumulation episodes are characterised according to
Querol et al. (2018) by a relatively thinner planetary boundary layer (< 1500 m at midday, lower
in altitude than the orographic features), light synoptic winds, and the development of mountain
breezes along the slopes of the Guadarrama Mountain Range (located W and NW of the Madrid
Metropolitan Area (MMA), with a maximum elevation of > 2400 m above sea level). According
to the authors this orographic-meteorological setting causes the vertical recirculation of air
masses and enrichment of O3 in the lower tropospheric layers. When the highly polluted urban
plume from Madrid is affected by these dynamics, the highest O (Osz+ NO,) concentrations are
recorded in the Madrid Metropolitan Area.

A recent study (Saiz-Lopez et al., 2017) reporte an increase of 30—40% in ambient air O3 levels,
along with a decrease of 20-40% in NO,, from 2007 to 2014 in Madrid, which may have led to
large concentration increases of up to 70 and 90% in OH and NOs, respectively, thereby changing
the oxidative capacity of this urban atmosphere. They report that they do not know if this
increase is due to a decrease in the NO titration effect or to the fact that Os; formation is
dominated by VOCs since urban areas are characterised by “VOC-limited” conditions, and a
reduction in NOx emissions might yield an increase in O3 formation.

In addition to primary emissions, nucleation or new particle formation (NPF) processes give rise
to relevant contributions to the urban ambient air UFP concentrations, mostly during
photochemical pollution episodes in spring and summer (Brines et al., 2015, and references
therein). Ambient conditions favouring urban NPF are high insolation, low relative humidity,
available SO, and VOCs, and a low condensation sink potential (i.e. a relatively clean atmosphere
with low surface aerosol concentrations; Kulmala et al., 2000, 2004; Kulmala and Kerminen,
2008; Sipila, et al., 2010; Salma et al., 2016).

Querol et al. (2018) evaluate the temporal and spatial variability of Oz and UFPs in the Madrid
Air Basin (MAB, 4-20 July 2016) to investigate the causes of acute summer episodes of both
pollutants, ozone and UFP, and possible inter-relationships.

4. Airport dispersion modelling

Page 13 of 24
AVIATOR-GE-TEM-001-CO-v1.0-FINAL



AV'AT'#R Deliverable D5.1

Dispersion modelling at and around airports is demanding. Aircraft (main engine and APU) and
aircraft-related emission sources (GSE) resemble a complex source system with time- and space-
varying emissions. In addition, there are other emission sources that may have a major impact
on local air quality, in particular road traffic at and around the airport.

Itis important to note that a dispersion modelling system is a model chain consisting of different,
often independent parts: emission model, exhaust dynamics model, meteorological boundary
layer model, wind field model, dispersion model, physical/chemical conversion model,
deposition model. For airports, modelling of thrust-dependent emissions and exhaust dynamics
of typically several 1000 to 100’000 movements consisting of different aircraft types with various
space- and time-dependent pathways is challenging. In contrast to road traffic, exhaust
dynamics affects the dispersion on a much larger scale.

Within ICAO, several dispersion modelling systems that allow emission and dispersion
calculations for aircraft operations at and around airports have been evaluated and are in use
for CAEP work (CAEP LAQ models), see ICAO environmental reports (ICAO 2007, 2010, 2013,
2016). Some of these models are routinely applied also outside ICAO for scientific studies, air
quality forecasts, and airport licensing procedures (see e.g. Yamartino et al., 2004; Janicke et al.,
2007; PSDH, 2006; Di Sabatino et al., 2011; Ruf et al., 2013; Lorentz et al., 2019; Voogt et al.,
2019). Apart from these, there exists a variety of other models, like for example CFD models
applied to aircraft and airports (Ghedhaifi, 2010; Montreuil et al., 2018).

The ICAO document 9889 (ICAO, 2011, 2015), Airport Air Quality Manual, provides some
guidance for modelling emission and dispersion from aircraft. Other guidance is provided by
national standards. However, there is no international standard like for example in noise
regulation and there is, at present time, no “gold standard” by which such a complex model
system could be evaluated.

For ultrafine particles from aircraft, dispersion modelling has been hampered so far by the lack
of standardized, engine-specific emissions. For non-volatile particles, major progress has been
made over the last years (see e.g. ICAO Environmental Report 2019; Agarwal et al., 2019). For
volatile particles, modelling of emission and further transformation during the atmospheric
transport of volatile particles is subject to intensive current research.
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5. Regulatory aspects

In terms of regulatory aspects for particulate matter particular considerations of measurements
and pre-requisites for regulations have to be considered. Particle number counting instruments
measuring ambient air particle concentrations usually count all UFP particles, irrespective of
their origin and chemical composition. Such measurements cannot and must not be used to
relate UFP concentration results to health effects. As particle number counters report total
number of particles without any information on chemical composition and without knowledge
of health impact of different species, the measured levels of UFP number concentrations
represent not more than an inventory of the UFP concentrations observed at and near the
airport.

UFP are very different in shape, from liquid droplets to solid complex, non-symmetrical
structures. The sizing instruments report the so called “mobility diameter”, which does not take
characteristics into account.

Page 15 of 24
AVIATOR-GE-TEM-001-CO-v1.0-FINAL



AV'AT'#R Deliverable D5.1

6. References

Abegglen, B.T. Brem, M. Ellenrieder, L. Durdina, T. Rindlisbacher, J. Wang, U. Lohmann, B. Sierau
(2016): Chemical characterization of freshly emitted particulate matter from aircraft
exhaust using single particle mass spectrometry, Atmos. Env., 134, 181-197,
doi:10.1016/j.atmosenv.2016.03.051.

ACI (2018): Ultrafine particles at airports; current understanding of ultrafine partice emissions
and concentrations at airports in 2018. Airports Council International, ACI EUROPE.

Ackermann, I.J., Hass, H.,, Memmesheimer, M., Ebel, A., Binkowski, F.S., Shankar, U. (1998):
Modal aerosol dynamics model for Europe: development and first applications. Atmos.
Env., 32, 2981-2999.

Agarwal, A, Speth, R.L., Fritz, T.M., Jacob, S.D., Rindlisbacher, T., lovinelli, R., Owen, B., Miake-
Lye, R., Sabnis. J.S., Barrett, S.R.H. (2019): SCOPE11 method for estimating aircraft black
carbon mass and particle number emissions. Environ. Sci. Technol., 53, 1364-1373.

Agudelo-Castaiieda, D.M., Elba C. Teixeira, Marcel Braga, Silvia B.A. Rolim, Luis F.O. Silva, David
C.S. Beddows, Roy M. Harrison, Xavier Querol (2019): Cluster analysis of urban ultrafine
particles size distributions, Atmos. Pollut. Res., 10, 1, 2019, 45-52, 1309-1042,
doi:10.1016/j.apr.2018.06.006.

Almeida, J., Schobesberger, S., Kirten, A., Ortega, I.K., Kupiainen-Maatta, O., Praplan, A.P.,
Adamov, A., Amorim, A., Bianchi, F., Breitenlechner, M., David, A., Dommen, J.,
Donahue, N.M., Downard, A., Dunne, E., Duplissy, J., Ehrhart, S., Flagan, R.C., Franchin,
A., Guida, R., Hakala, J., Hansel, A., Heinritzi, M., Henschel, H., Jokinen, T., Junninen, H.,
Kajos, M., Kangasluoma, J., Keskinen, H., Kupc, A., Kurtén, T., Kvashin, A.N., Laaksonen,
A., Lehtipalo, K., Leiminger, M., Lepp3, J., Loukonen, V., Makhmutov, V., Mathot, S.,
McGrath, M.J., Nieminen, T., Olenius, T., Onnela, A., Petdja, T., Riccobono, F., Riipinen,
l., Rissanen, M., Rondo, L., Ruuskanen, T., Santos, F.D., Sarnela, N., Schallhart, S.,
Schnitzhofer, R., Seinfeld, J.H., Simon, M., Sipila, M., Stozhkov, Y., Stratmann, F., Tomé,
A., Trostl, J., Tsagkogeorgas, G., Vaattovaara, P., Viisanen, Y., Virtanen, A., Vrtala, A.,
Wagner, P.E., Weingartner, E., Wex, H., Williamson, C., Wimmer, D., Ye, P., Yli-Juuti, T.,
Carslaw, K.S., Kulmala, M., Curtius, J., Baltensperger, U., Worsnop, D.R., Vehkamaki, H.,
Kirkby, J. (2013): Molecular understanding of sulphuric acid-amine particle nucleation in
the atmosphere Nature, 502,, 359-363.

Beyersdorf, A. J. and Timko, M. T. and Ziemba, L. D. and Bulzan, D. and Corporan, E. and Herndon,
S. C. and Howard, R. and Miake-Lye, R. and Thornhill, K. L. and Winstead, E. and Wey, C.
and Yu, Z. and Anderson, B. E. (2014): Reductions in aircraft particulate emissions due
to the use of Fischer-Tropsch fuels, Atmos. Chem. Phys., 14, 11-23, doi:10.5194/acp-14-
11-2014.

Brilke, S., Folker, N., Miller, T., Kandler, K., Gong, X., Peischl, J., Weinzierl, B., and Winkler, P.
M.(2019): New Particle Formation and Sub-10 nm Size Distribution Measurements
during the A-LIFE field experiment in Paphos, Cyprus, Atmos. Chem. Phys. Discuss.,
doi:10.5194/acp-2019-1123, in review.

Burkart, J., Willis, M. D., Bozem, H., Thomas, J. L., Law, K., Hoor, P., Aliabadi, A. A., Kollner, F.,
Schneider, J., Herber, A., Abbatt, J. P. D., and Leaitch, W. R.(2017): Summertime
observations of elevated levels of ultrafine particles in the high Arctic marine boundary
layer, Atmos. Chem. Phys., 17, 5515-5535, doi:10.5194/acp-17-5515-2017, 2017.

Collins, D.B, Burkart, J., Chang, R.Y.-W., Lizotte, M., Boivin-Rioux, A., Blais, M., Mungall, E.L.,
Boyer, M., Irish, V.E. Massé, G., Kunkel, D., Tremblay, J.-E., Papakyriakou, T., Bertram,
A.K., Bozem, H., Gosselin, M., Levasseur, M., Abbatt, J. P.D. Frequent ultrafine particle

Page 16 of 24
AVIATOR-GE-TEM-001-CO-v1.0-FINAL



AV'AT'#R Deliverable D5.1

formation and growth in Canadian Arctic marine and coastal environments, Atmos.
Chem. Phys., 17, 13119-13138, doi: 10.5194/acp-17-13119-2017.

Carnerero, C., Pérez, N., Reche, C,, Ealo, M., Titos, G., Lee, H.-K. Eun, H.-R., Park, Y.-H., Dada, L.,
Paasonen, P., Kerminen, V.-M., Mantilla, E., Escudero, M., Gémez-Moreno, F. J., Alonso-
Blanco, E., Coz, E., Saiz-Lopez, A., Temime-Roussel, B., Marchand, N., Beddows, D. C. S,,
Harrison, R. M., Petdja, T., Kulmala, M., Ahn, K.-H., Alastuey, A., Querol, X. (2018):
Vertical and horizontal distribution of regional new particle formation events in Madrid,
Atmos. Chem Phys, 18, 22, 16601—16618, doi:10.5194/acp-18-16601-2018.

Chang, R.Y.-W, Sjostedt, S.J., Pierce J.R., Papakyriakou, T.M., Scarratt, M.J. Michaud, S.,
Levasseur, M., Leaitch, W.R. Abbatt, J.P.D.(2011): Relating atmospheric and oceanic
DMS levels to particle nucleation events in the Canadian Arctic, J. Geophys. Res., 116,
D00S03, doi:10.1029/2011JD015926

Charron, A., Harrison, R.M., (2003): Primary particle formation from vehicle emissions during
exhaust dilution in the roadside atmosphere. Atmos. Environ. 37, 4109-4119,
doi:10.1016/51352-2310(03)00510-7

Cheung, H.C., Chou, C.C.-K., Huang, W.-R., Tsai, C.-Y., (2013): Characterization of ultrafine
particle number concentration and new particle formation in an urban environment of
Taipei, Taiwan. Atmos. Chem. Phys. 13, 8935-8946, doi:10.5194/acp-13-8935-2013.

Costabile, F., F. Angelini, F. Barnaba, G.P. Gobbi (2015): Partitioning of Black Carbon between
ultrafine and fine particle modes in an urban airport vs. urban background environment,
Atmos. Env., 102, 136-144, doi:10.1016/j.atmosenv. 2014.11.064.

Cui, Y. Y., Hodzic, A., Smith, J. N., Ortega, J., Brioude, J., Matsui, H., Levin, E. J. T., Turnipseed, A.,
Winkler, P., and de Foy, B.(2014): Modeling ultrafine particle growth at a pine forest site
influenced by anthropogenic pollution during BEACHON-RoMBAS 2011, Atmos. Chem.
Phys., 14, 11011-11029, doi:10.5194/acp-14-11011-2014.

Dall'Osto, M., Querol, X., Alastuey, A., O'Dowd, C., Harrison, R. M., Wenger, J., and Gémez-
Moreno, F. J.(2013): On the spatial distribution and evolution of ultrafine particles in
Barcelona, Atmos. Chem. Phys., 13, 741-759, doi:10.5194/acp-13-741-2013 .

Delhaye, D., Ouf, F.-X., Ferry, D., Ortega, |.K., Penanhoat, O., Peillon, S., Salm, F., Vancassel, X.,
Focsa, C., Irimiea, C., Harivel, N., Perez, B., Quinton, E., Yon, J., Gaffie, D. (2017): The
MERMOSE project: Characterization of particulate matter emissions of a commercial
aircraft engine, J. Aerosol Sci., 105,48-63.

Dunne, E.M., Gordon, H., Kiirten, A., Almeida, J., Duplissy, J., Williamson, C., Ortega, |.K., Pringle,
K.J., Adamov, A, Baltensperger, U., Barmet, P., Benduhn, F., Bianchi, F., Breitenlechner,
M., Clarke, A., Curtius, J., Dommen, J., Donahue, N.M., Ehrhart, S., Flagan, R.C., Franchin,
A., Guida, R., Hakala, J., Hansel, A., Heinritzi, M., Jokinen, T., Kangasluoma, J., Kirkby, J.,
Kulmala, M., Kupc, A., Lawler, M.J., Lehtipalo, K., Makhmutov, V., Mann, G., Mathot, S.,
Merikanto, J., Miettinen, P., Nenes, A., Onnela, A., Rap, A., Reddington, C.L.S,,
Riccobono, F., Richards, N.A.D., Rissanen, M.P., Rondo, L., Sarnela, N., Schobesberger,
S., Sengupta, K., Simon, M., Sipila, M., Smith, J.N., Stozkhov, Y., Tomé, A., Trostl, J.,
Wagner, P.E., Wimmer, D., Winkler, P.M., Worsnop, D.R., Carslaw, K.S. (2016): Global
atmospheric particle formation from CERN CLOUD measurements, Science, 354, 1119-
1124.

Durdina, L., Brem, B.T., Abegglen, M., Lobo, P., Rindlisbacher, T., Thomson, K.A., Smallwood, G.J.,
Hagen, D.E., Sierau, B., Wang, J. (2014): Determination of PM mass emissions from an
aircraft turbine engine using particle effective density, Atmos. Environ., 500-507, doi:
10.1016/j.atmosenv.2014.10.018.

Page 17 of 24
AVIATOR-GE-TEM-001-CO-v1.0-FINAL



AV'AT'#R Deliverable D5.1

Fleuti, E., Maraini, S., Bieri, L., Fierz, M. (2017): Ultrafine Particle Measurements at Zurich
Airport. Flughafen Zirich AG, www.zurich-airport.com/the-company/noise-policy-and-
the-environment/air-quality, accessed 30 January 2020.

Fleuti, E., Ruf, Ch., Maraini, S. (2019): Ultrafine Particle Concentrations Zurich Approach Runway
14. Flughafen Ziirich AG, www.zurich-airport.com/the-company/noise-policy-and-the-
environment/air-quality, accessed 30 January 2020.

Fleuti, E., Ruf, Ch., Maraini, S. (2019): Ultrafine Particle Concentrations Airside Center Zurich
Airport. Flughafen Zirich AG, www.zurich-airport.com/the-company/noise-policy-and-
the-environment/air-quality, accessed 30 January 2020.

Ghedbhaifi, W. (2010): Chemical impact of aviation in airports aeras, 27" International Congress
of the Aeronautical Science, Nice, France, 19 — 24th September 2010

Glicker, H. S., Lawler, M. J., Ortega, J., de S3, S. S., Martin, S. T., Artaxo, P., Vega Bustillos, O., de
Souza, R,, Tota, J., Carlton, A., and Smith, J. N.(2019): Chemical composition of ultrafine
aerosol particles in central Amazonia during the wet season, Atmos. Chem. Phys., 19,
13053-13066, doi:10.5194/acp-19-13053-2019.

HEI, 2013: Understanding the Health Effects of Ambient Ultrafine Particles. HEI Review Panel on
Ultrafine Particles. HEI Perspectives 3. Insights from HEI's research, Boston, US 108 pp.
https://www.healtheffects.org/system/files/Perspectives3.pdf

Hoek, Gerard, Boogaard, Hanna, Knol, Anne, de Hartog, Jeroen, Slottje, Pauline, Ayres, Jon G.,
Borm, Paul, Brunekreef, Bert, Donaldson, Ken and Forastiere, Francesco, Holgate,
Stephen, Kreyling, Wolfgang G., Nemery, Benoit, Pekkanen, Juha, Stone, Vicki,
Wichmann, H.-Erich, and van der Sluijs, Jeroen (2010): Concentration Response
Functions for Ultrafine Particles and All-Cause Mortality and Hospital Admissions:
Results of a European Expert Panel Elicitation, Environ. Sci. Technol., 44, 476-482, 2010,
d0i:10.1021/es9021393.

Hudda, N. and Fruin, S. A.(2016): International airport impacts to air quality: size and related
properties of large increases in ultrafine particle number concentrations, Environ. Sci.
Technol., 50, 3362-3370.

Hudda, N., Gould, T., Hartin, K., Larson, T. V., and Fruin, S. A.(2014): Emissions from an
international airport increase particle number concentrations 4-fold at 10 km
downwind, Environ. Sci. Technol., 48, 6628-6635, doi:10.1021/es5001566.

Hudda, N., Simon, M. C., Zamore, W., Brugge, D., and Durant, J. L.(2016): Aviation emissions
impact ambient ultrafine particle concentrations in the greater Boston area, Environ.
Sci. Technol., 50, 8514-8521,.

Hsu, H. H., Adamkiewicz, G., Houseman, E. A., Vallarino, J., Melly, S. J., Wayson, R. L., Spengler,
J. D., and Levy, J. 1.(2012a): The relationship between aviation activities and ultrafine
particulate matter concentrations near a mid-sized airport, Atmos. Environ., 50, 328-
337.

Hsu, H. H., Adamkiewicz, G., Houseman, E. A., Vallarino, J., Melly, S. J., Wayson, R. L., Spengler,
J. D., and Levy, J. 1.(2012b): The relationship between aviation activities and ultrafine
particulate matter concentrations near a mid-sized airport, Atmos. Environ., 50, 328-
337.

Hsu, H. H., Adamkiewicz, G., Houseman, E. A., Zarubiak, D., Spengler, J. D., and Levy, J. 1.(2013):
Contributions of aircraft arrivals and departures to ultrafine particle counts near Los
Angeles International Airport, Sci. Total Environ., 444, 347-355.

Page 18 of 24
AVIATOR-GE-TEM-001-CO-v1.0-FINAL



AV'AT'#R Deliverable D5.1

Hsu, H. H., Adamkiewicz, G., Houseman, E. A, Spengler, J. D., and Levy, J. 1.(2014): Using mobile
monitoring to characterize roadway and aircraft contributions to ultrafine particle
concentrations near a mid-sized airport, Atmos. Environ., 89, 688-695.

Hu, S., Fruin, S., Kozawa, K., Mara, S., Winer, A. M., and Paulson, S. E.(2009): Aircraft emission
impacts in a neighborhood adjacent to a general aviation airport in Southern California,
Environ. Sci. Technol., 43, 8039-8045.

ICAO (2017): Annex 16 — Environmental Protection, Volume Il — Aircraft Engine Emissions, ISBN
978-92-9258-314-9.

Jamriska, M., Morawska, L., Mergersen, K., (2008): The effect of temperature and humidity on
size segregated traffic exhaust particle emissions. Atmos. Environ. 42, 2369-2382,
doi:10.1016/j.atmosenv.2007.12.038.

Janicke, U., Fleuti, E., Fuller, 1. (2007): LASPORT - A model system for airport-related source
systems based on a Lagrangian particle model. Proceedings of the 11" International
Conference on Harmonization within Atmospheric Dispersion Modeling for Regulatory
Purposes, Cambridge, England.

Johnson, G.R., Juwono, A.M., Friend, A.J., Cheung, H.C., Stelcer, E., Cohen, D., Ayoko, G.A.,
Morawska, L.,(2014): Relating urban airborne particle concentrations to shipping using
carbon based elemental emission ratios. Atmos. Environ. 95, 525-536, doi:10.1016/
j.atmosenv.2014.07.003.

Jung, J., Miyazaki, Y., and Kawamura, K.(2013): Different characteristics of new particle
formation between urban and deciduous forest sites in Northern Japan during the
summers of 2010-2011, Atmos. Chem. Phys., 13, 51-68, doi:10.5194/acp-13-51-2013.

Jung, J., Fountoukis, C.,Adams, P.J.,Pandis, S.N. (2010): Simulation of in situ ultrafine particle
formation in the eastern United States using PMCAMx-UF, J. Geophys. Res., 115,
D03203, doi:10.1029/2009JD012313.

Junkermann, W., Vogel, B., and Sutton, M. A.(2011): The climate penalty for clean fossil fuel
combustion, Atmos. Chem. Phys., 11, 12917-12924, doi:10.5194/acp-11-12917-2011.

Karcher, B., Mohler, O., DeMott, P. J., Pechtl, S., and Yu, F.(2007): Insights into the role of soot
aerosols in cirrus cloud formation, Atmos. Chem. Phys., 7, 4203-4227, doi:10.5194/acp-
7-4203-2007.

Karcher, B, M.M. Hirschberg, and P. Fabian (1996): Small-scale chemical evolution of aircraft
exhaust species at cruising altitudes, J. Geophys. Res., 101, D10, 15169-15190.

Karcher, B., Turco, R.P., Yu, F., Danilin, M.Y., Weisenstein, D.K., Miake-Lye, R.C., Busen, R. (2000):
A unified model for ultrafine aircraft particle emissions J. Geophys. Res., 105, D24,
29379-29386.

Karcher, B., . Hendricks, J., Lohmann,U., ( 2006): Physically based parameterization of cirrus
cloud formation for use in global atmospheric models. J. Geophys. Res., 211, D01205,
doi:10.1029/2005JD006219

Keuken, M.P., Moerman, M., Zandveld, P. J., Henzing, S., Hoek, G. (2015): Total and size-resolved
particle number and black carbon concentrations in urban areas near Schiphol airport
(the Netherlands), Atm Environ., 104, 132-142, doi:10.1016/j.atmosenv. 2015.01.015.

Kilic, D., El Haddad, I., Brem, B. T., Bruns, E., Bozetti, C., Corbin, J., Durdina, L., Huang, R.-J., Jiang,
J., Klein, F., Lavi, A., Pieber, S. M., Rindlisbacher, T., Rudich, Y., Slowik, J. G., Wang, J.,
Baltensperger, U., Prévot, A. S. H. (2018): Identification of secondary aerosol precursors
emitted by an aircraft turbofan, Atmos. Chem. Phys., 18, 7379-7391, do0i:10.5194/acp-
18-7379-2018.

Page 19 of 24
AVIATOR-GE-TEM-001-CO-v1.0-FINAL



AV'AT'#R Deliverable D5.1

Kinsey, J.K. (2012): Erratum to “Physical characterization of the fine particle emissions from
commercial aircraft engines during the Aircraft Particle Emissions Experiment (APEX) 1
to 3” [44/17 (2010) 2147e2156], Atmos. Env., 47, 564.

Kinsey, J.S., Hays, M.D., Dong, Y., Williams, D.C., Logan, R. (2010): Chemical Characterization of
the Fine Particle Emissions from Commercial Aircraft Engines during the Aircraft Particle
Emissions eXperiment (APEX) 1 to 3, Atmos. Env., 44, 2147-2156, doi:10.1016/
j.atmosenv.2010.02.010.

Kinsey, J.S., Timko, M.T., Herndon, S.C., Wood, E.C., Yu, Z., Miake-Lye, R.C., Lobo, P., Whitefield,
P., Hagen, D., Wey, C., Anderson, B.E., Beyersdorf, A.J., Hudgins, C.H., Thornhill, K.L.,
Edward, W., Howard, R., Bulzan, D.l., Tacina, K.B., Knighton, W.B. (2012): Determination
of the emissions from an aircraft auxiliary power unit (APU) during the alternative
aviation fuel experiment (AAFEX) (2012) J. Air Waste Manag. Assoc., 62, 420-430.

Kirkby, J., Curtius J, Almeida J, Dunne E, Duplissy J, Ehrhart S, Franchin A, Gagné S, Ickes L, Kiirten
A, Kupc A, Metzger A, Riccobono F, Rondo L, Schobesberger S, Tsagkogeorgas G,
Wimmer D, Amorim A, Bianchi F, Breitenlechner M, David A, Dommen J, Downard A,
Ehn M, Flagan RC, Haider S, Hansel A, Hauser D, Jud W, Junninen H, Kreiss| F, Kvashin A,
Laaksonen A, Lehtipalo K, Lima J, Lovejoy ER, Makhmutov V, Mathot S, Mikkila J,
Minginette P, Mogo S, Nieminen T, Onnela A, Pereira P, Petdja T, Schnitzhofer R, Seinfeld
JH, Sipilda M, Stozhkov Y, Stratmann F, Tomé A, Vanhanen J, Viisanen Y, Vrtala A, Wagner
PE, Walther H, Weingartner E, Wex H, Winkler PM, Carslaw KS, Worsnop DR,
Baltensperger U, Kulmala M. (2013): Role of sulphuric acid, ammonia and galactic cosmic
rays in atmospheric aerosol nucleation, Nature, 476, 429-33, doi: 10.1038/nature10343.

Kirkby, J., Duplissy, J., Sengupta, K., Frege, C., Gordon, H., Williamson, C., Heinritzi, M., Simon,
M., Yan, C., Almeida, J., Trostl, J., Nieminen, T., Ortega, |.K., Wagner, R., Adamov, A,,
Amorim, A., Bernhammer, A.-K., Bianchi, F., Breitenlechner, M., Brilke, S., Chen, X,,
Craven, J., Dias, A,, Ehrhart, S., Flagan, R.C., Franchin, A., Fuchs, C., Guida, R., Hakala, J.,
Hoyle, C.R., Jokinen, T., Junninen, H., Kangasluoma, J., Kim, J., Krapf, M., Kurten, A.,
Laaksonen, A., Lehtipalo, K., Makhmutov, V., Mathot, S., Molteni, U., Onnela, A.,
Perakyla, O., Piel, F., Petaja, T., Praplan, A.P., Pringle, K., Rap, A., Richards, N.A.D.,
Riipinen, I., Rissanen, M.P., Rondo, L., Sarnela, N., Schobesberger, S., Scott, C.E., Seinfeld,
J.H,, Sipila, M., Steiner, G., Stozhkov, Y., Stratmann, F., Tomé, A., Virtanen, A., Vogel, A.L,,
Wagner, A.C., Wagner, P.E., Weingartner, E., Wimmer, D., Winkler, P.M., Ye, P., Zhang,
X., Hansel, A.,, Dommen, J., Donahue, N.M., Worsnop, D.R., Baltensperger, U., Kulmala,
M., Carslaw, K.S., Curtius J.(2016): lon-induced nucleation of pure biogenic particles,
Nature, 533, 521-526.

Kulmala, M. (2003): How Particles Nucleate and Grow, Science, 302, 1000-1001.

Kulmala, M., Dal Maso, M., Makela, J.M., Pirjola, L., Vakeva, M., Aalto, P., Miikkulainen, P.,
Hameri, K., O'Dowd, C.D. (2001): On the formation, growth and composition of
nucleation mode particles Tellus, Series B: Chemical and Physical Meteorology, 53, 479-
490.

Kulmala, M., Kontkanen, J., Junninen, H., Lehtipalo, K., Manninen, H.E., Nieminen, T., Petdj3, T.,
Sipild, M., Schobesberger, S., Rantala, P., Franchin, A., Jokinen, T., Jirvinen, E., Aijal3, M.,
Kangasluoma, J., Hakala, J., Aalto, P.P., Paasonen, P., Mikkild, J., Vanhanen, J., Aalto, J.,
Hakola, H., Makkonen, U., Ruuskanen, T., Mauldin Ill, R.L., Duplissy, J., Vehkamaki, H.,
Béack, J., Kortelainen, A., Riipinen, I., Kurtén, T., Johnston, M.V., Smith, J.N., Ehn, M.,
Mentel, T.F., Lehtinen, K.E.J., Laaksonen, A., Kerminen, V.-M., Worsnop, D.R. (2013):
Direct observations of atmospheric aerosol nucleation, Science, 339, 943-946.

Kulmala, M., Pirjola, L., Makeld, J.M., (2000): Stable sulphate clusters as a source of new
atmospheric particles, Nature, 404, 66-69.

Page 20 of 24
AVIATOR-GE-TEM-001-CO-v1.0-FINAL



AV'AT'#R Deliverable D5.1

Kulmala, M., Riipinen, 1., Sipila, M., Manninen, H.E., Petdja, T., Junninen, H., Dal Maso, M.,
Mordas, G., Mirme, A., Vana, M., Hirsikko, A., Laakso, L., Harrison, R.M., Hanson, I.,
Leung, C., Lehtinen, K.E.J., Kerminen, V.-M. (2007): Toward direct measurement of
atmospheric nucleation, Science, 318 , 89-92.

Kulmala, M., Vehkamaki, H., Petdja, T., Dal Maso, M., Lauri, A., Kerminen, V.-M., Birmili, W.,
McMurry, P.H. (2004): Formation and growth rates of ultrafine atmospheric particles: A
review of observations, J. Aerosol Sci., 35, 143-176.

Kumar, P., Pirjola, L., Ketzel, M., Harrison, R.M., 2013. Nanoparticle emissions from 11 non-
vehicle exhaust sources - a review. Atmos. Environ. 67, 252-277,
doi:10.1016/j.atmosenv.2012.11.011.

Kidrten, A., Bianchi, F., Almeida, J., Kupiainen-Maatta, O., Dunne, E.M., Duplissy, J., Williamson,
C., Barmet, P., Breitenlechner, M., Dommen, J., Donahue, N.M., Flagan, R.C., Franchin,
A., Gordon, H., Hakala, J., Hansel, A., Heinritzi, M., Ickes, L., Jokinen, T., Kangasluoma, J.,
Kim, J., Kirkby, J., Kupc, A., Lehtipalo, K., Leiminger, M., Makhmutov, V., Onnela, A.,
Ortega, I.K., Petdja, T., Praplan, A.P., Riccobono, F., Rissanen, M.P., Rondo, L.,
Schnitzhofer, R., Schobesberger, S., Smith, J.N., Steiner, G., Stozhkov, Y., Tomé, A., Trostl,
J., Tsagkogeorgas, G., Wagner, P.E., Wimmer, D., Ye, P., Baltensperger, U., Carslaw, K.,
Kulmala, M., Curtius, J. (2016): Experimental particle formation rates spanning
tropospheric sulfuric acid and ammonia abundances, ion production rates, and
temperatures, J. Geophys. Res., 121, 12377-12400.

Lee, B.H., Wood, E.C., Miake-Lye, R.C., Herndon, S.C., Munger, J.W., Wofsy, S.C. (2011): Reactive
chemistry in aircraft exhaust implications for air quality. Transp Res Rec. , 2206, 19-23.

Lee, S.-H., Gordon, H., Yu, H., Lehtipalo, K., Haley, R., Li, Y., Zhang, R. (2019): New Particle
Formation in the Atmosphere: From Molecular Clusters to Global Climate, J. Geophys.
Res., 124, 7098-7146.

Lehtinen, K.E.J., Dal Maso, M., Kulmala, M., Kerminen, V.-M. (2007): Estimating nucleation rates
from apparent particle formation rates and vice versa: Revised formulation of the
Kerminen-Kulmala equation J. Aerosol Sci. 38, 988-994.

Lobo, P, Christie, S., Khandewal, B., Blakey, S.G., Raper, D.W. (2015): Evaluation of non-volatile
particulate matter emission characteristics of an aircraft auxiliary power unit with
varying alternative jet fuel blend ratios. Energy & Fuels, 29, 7705-7711

Lobo, P., Hagen, D.E., Whitefield, P.D., Alofs, D.J.,(2007): Physical Characterization or Aerosol
Emissions from a Commercial Gas Turbine Engine, J. Propul. Power, 23,
doi:10.2514/1.26772.

Lobo, P., Durdina, L., Smallwood, G.J., Rindlisbacher, T., Siegerist, F., Black, E.A., Yu, Z., Mensah,
A.A., Hagen, D.E., Miake-Lye, R.C., Thomson, K.A., Brem, B.T., Corbin, J.C., Abegglen, M.,
Sierau, B., Whitefield, P.D., Wang, J. (2015): Measurement of aircraft engine non-volatile
PM emissions: results of the aviation-particle regulatory instrumentation demonstration
experiment (A-PRIDE) 4 campaign. Aerosol Sci. Technol., 49, 472-484.

Lobo, P., Hagen, D.E., Whitefield, P.D., Raper, D. (2015): PM Emissions Measurements of In-
Service Commercial Aircraft Engines during the Delta-Atlanta Hartsfield Study, Atmos.
Env., 104, 237-245, doi: 10.1016/j.atmosenv.2015.01.020.

Lorentz, H., Janicke, U., Jakobs, H., Schmidt, W., Hellebrandt, P., Ketzel, M., Gerwig, H. (2019):
Ultrafine particle dispersion modelling in the vicinity of the major airport
Frankfurt/Main, Germany. Proceedings of the 19th International Conference on
Harmonization within Atmospheric Dispersion Modeling for Regulatory Purposes,
Bruges, Belgium.

Page 21 of 24
AVIATOR-GE-TEM-001-CO-v1.0-FINAL



AV'AT'#R Deliverable D5.1

Maattanen, A., Merikanto, J., Henschel, H., Duplissy, J., Makkonen, R., Ortega, 1.K., Vehkamaki,
H (2018):.New Parameterizations for Neutral and lon-Induced Sulfuric Acid-Water
Particle Formation in Nucleation and Kinetic Regimes, J. Geophys. Res., 123, 1269-1296.

Montreuil, E., Ghedhaifi, W., Schmielarsky, V., Vuillot, F., Gand, F., Loseille, A. (2018): Numerical
Simulation of contrail formation on the Common Research Model wing/body/engine
configuration, Atmospheric and Space Environments Conference, Atlanta (GA),
doi:10.2514/6.2018-3189.

Morawska, L., Ristovski, Z., Jayaratne, E.R., Keogh, D.U., Ling, X., (2008): Ambient nano and
ultrafine particles from motor vehicle emissions: characteristics, ambient processing
and implications on human exposure. Atmos. Environ. 42, 8113-8138.
doi:10.1016/j.atmosenv.2008.07.050.

Mazaheri, M., Johnson, G.R., Morawska, L. (2009): Particle and gaseous emissions from
commercial aircraft at each stage of the landing and takeoff cycle. Environ. Sci. Technol.
43, 441-446.

Miracolo, M. A., Hennigan, C. J., Ranjan, M., Nguyen, N. T., Gordon, T. D., Lipsky, E. M., Presto,
A. A., Donahue, N. M., and Robinson, A. L.: Secondary aerosol formation from
photochemical aging of aircraft exhaust in a smog chamber, Atmos. Chem. Phys., 11,
4135-4147, doi:10.5194/acp-11-4135-2011, 2011.

Moore, R., Thornhill, K., Weinzierl, B. et al. (2017) Biofuel blending reduces particle emissions
from aircraft engines at cruise conditions. Nature, 543, 411-415,
doi:10.1038/nature21420.

Napari, I., Noppel, M., Vehkamaki, H., Kulmala, M. (2002):Parametrization of ternary nucleation
rates for H2so 4-NH3-H20 vapors, J. Geophys. Res., 107, 6-1-6-6.

Ortega, I.K.,Kurtén, T., Vehkamaki, H., Kulmala. M., (2008): The role of ammonia in sulfuric acid
ion induced nucleation. Atmos. Chem. Phys. 2859-2867

Querol, X., Alastuey, A., Gangoiti, G., Perez, N., Lee, H. K., Eun, H. R., Park, Y., Mantilla, E.,
Escudero, M., Titos, G., Alonso, L., Temime-Roussel, B., Marchand, N., Moreta, J. R,,
Revuelta, M. A., Salvador, P., Artifiano, B., Garcia dos Santos, S., Anguas, M., Notario, A.,
Saiz-Lopez, A., Harrison, R. M., Millan, M., and Ahn, K.-H. (2018): Phenomenology of
summer ozone episodes over the Madrid Metropolitan Area, central Spain, Atmos.
Chem. Phys., 18, 6511-6533, doi:10.5194/acp-18-6511-2018.

PSDH (2006): Project for the Sustainable Development of Heathrow Department of Transport,
Great Britain.

Schumann, U, F. Arnold, R. Busen, J. Curtius, B. Karcher, A. Kiendler, A. Petzold, H. Schlager, F.
Schroder, K.-H. Wohlfrom (2002): Influence of fuel sulfur on the composition of aircraft
exhaust plumes: The experiments SULFUR 1-7, J. Geophys. Res., 107, D15, 4247-4274,
do0i:10.1029/2001JD000813.

Sipila, M., Berndt, T., Petaja, T., Brus, D., Vanhanen, J., Stratmann, F., Patokoski, J., Mauldin IlI,
R.L., Hyvdrinen, A.-P., Lihavainen, H., Kulmala, M. (2010):The role of sulfuric acid in
atmospheric nucleation, Science, 327, 1243-1246.

Stacey, B., Harrison, R.M., Pope, F. (2020): Evaluation of ultrafine particle concentrations and
size  distributions at London Heathrow Airport. Atmos. Env., 222,
doi:10.1016/j.atmosenv.2019.117148.

Stolzenburg, D., Steiner, G. and Winkler, P. M. (2017): A DMA-Train for precision measurement
of sub-10nm aerosol dynamics, Atmos. Meas. Tech., 10, 1639-1651, doi:10.5194/amt-
10-1639-2017.

Page 22 of 24
AVIATOR-GE-TEM-001-CO-v1.0-FINAL



AV'AT'#R Deliverable D5.1

Timko, M.T., Fortner, E., Franklin, J., Yu, Z., Wong, H.-W., Onasch, T.B., Miake-Lye, R.C., Herndon,
S.C. (2013): Atmospheric measurements of the physical evolution of aircraft exhaust
plumes. Environ. Sci. Technol. 47, 3513-3520.

Trueblood, M. B., Lobo, P., Hagen, D. E., Achterberg, S. C., Liu, W., and Whitefield, P. D.:
Application of a hygroscopicity tandem differential mobility analyzer for characterizing
PM emissions in exhaust plumes from an aircraft engine burning conventional and
alternative fuels, Atmos. Chem. Phys., 18, 17029-17045, doi:10.5194/acp-18-17029-
2018, 2018.

Turko, R.P., Yu, F. (1997): Particle size distributions in an expanding plume undergoing
simultaneous coagulation and condensation. J. Geophys. Res. 104, 19227-19242.

Vander Wal, Randy L., Victoria M. Bryg, Chung-Hsuan Huang (2016): Chemistry characterization
of jet aircraft engine particulate matter by XPS: Results from APEX Ill, Atmos. Environ.,
140, 623-629, doi:10.1016/j.atmosenv.2016.05.039.

Vehkamaki, H., Kulmala, M., Napari, |., Lehtinen, K.E.J., Timmreck, C., Noppel, M., Laaksonen, A.
(2002): An improved parameterization for sulfuric acid-water nucleation rates for
tropospheric and stratospheric conditions J. Geophys. Res., 107, XXXXIX-XL.

Venecek, M. A, Yu, X., Kleeman, M. J. (2019): Predicted ultrafine particulate matter source
contribution across the continental United States during summertime air pollution
events, Atmos. Chem. Phys., 19, 9399-9412, doi:10.5194/acp-19-9399-2019.

Westerdahl, D., Scott A. Fruin, Phillip L. Fine, Constantinos Sioutas (2008): The Los Angeles
International Airport as a source of ultrafine particles and other pollutants to nearby
communities, Atmos. Environ., 42, 13, 3143-3155, doi:10.1016/
j.atmosenv.2007.09.006.

Wichmann-Fiebig, Marion (2019): German Environmental Agency (UBA), presentation held at
the UFP Expert Hearing, August 2019.

Wong, H.-W., Jun, M., Peck, J., Waitz, I.A., Miake-Lye, R.C. (2014): Detailed microphysical
modeling of the formation of organic and sulfuric acid coatings on aircraft emitted soot
particles in the near field Aerosol Sci. Technol., 48, 981-995.

Wong, H.-W., Jun, M., Peck, J., Waitz, I.A., Miake-Lye, R.C. (2015): Roles of Organic Emissions in
the Formation of Near Field Aircraft-Emitted Volatile Particulate Matter: A Kinetic
Microphysical Modeling Study, J. Eng. Gas Turbines Power, 137, art. no. 072606.

Xu, J.,, Wang, A., Hatzopoulou, M. (2016): Investigating near-road particle number
concentrations along a busy urban corridor with varying built environment
characteristics, Atmos. Environ., 142, 171-180, doi:10.1016/j.atmosenv.2016.07.041.

Yim, S.H.L., Lee, G.L., Lee, I.H., Allroggen, F., Ashok, A., Caiazzo, F., Eastham, S.D., Malina, R., H
Barrett, S.R.H., (2015): Global, regional and local health impacts of civil aviation
emissions, Environ. Res. Lett. 10, 034001, doi:10.1088/1748-9326/10/3/034001.

Yu, F. and Turco, R.P. (1997): The role of ions in the formation and evolution of particles in
aircraft plumes, Geophys. Res. Lett., 24, 15, 1927-1930.

Yu, X., Venecek, M., Kumar, A., Hu, J., Tanrikulu, S., Soon, S.-T., Tran, C., Fairley, D., and Kleeman,
M. J.(2019): Regional sources of airborne ultrafine particle number and mass
concentrations in California, Atmos. Chem. Phys., 19, 14677-14702, doi:10.5194/acp-19-
14677-2019.

Yu, Z., Liscinsky, D.S., Fortner, E.C., Yacovitch, T.l., Croteau, P., Herndon, S.C. Miake-Lye, R.C.
(2017): Evaluation of PM emissions from two in-service gas turbine general aviation

Page 23 of 24
AVIATOR-GE-TEM-001-CO-v1.0-FINAL



AV'AT'#R Deliverable D5.1

aircraft engines, Atmos. Env., 160, 9-18, 1352-2310,
doi:10.1016/j.atmosenv.2017.04.007.

Yu, Z., Liscinsky, D.S., True, B., Peck, J., Jennings, A.C., Wong, H.-W., Jun, M., Franklin, J., Herndon,
S.C., Waitz, LLA.,, Miake-Lye, R.C.: Uptake coefficients of some volatile organic
compounds by soot and their application in understanding particulate matter evolution
in aircraft engine exhaust plumes, J. Eng. Gas Turbines Power and Power, 136, art. no.
121501

Yu, Z., Liscinsky, D.S., Winstead, E.L., True, B.S., Timko, M.T., Bhargava, A., Herndon, S.C., Miake-
Lye, R.C., Anderson, B.E. (2010): Characterization of lubrication oil emissions from
aircraft engines Environ. Sci. Technol., 44, 9530-9534.

Yu, Z., Timko, M.T., Herndon, S.C., Miake-Lye, R.C., Beyersdorf, A.J., Ziemba, L.D., Winstead, E.L.,
Anderson, B.E. (2019): Mode-specific, semi-volatile chemical composition of particulate
matter emissions from a commercial gas turbine aircraft engine, Atmos. Environ., 218,
art. no. 116974.

Zhou, J., Elser, M., Huang, R.-J., Krapf, M., Frohlich, R., Bhattu, D., Stefenelli, G., Zotter, P., Bruns,
E. A., Pieber, S. M., Ni, H., Wang, Q., Wang, Y., Zhou, Y., Chen, C,, Xiao, M., Slowik, J. G.,
Brown, S., Cassagnes, L.-E., Daellenbach, K. R., Nussbaumer, T., Geiser, M., Prévot, A. S.
H., El-Haddad, I., Cao, J., Baltensperger, U., and Dommen, J. (2019): Predominance of
secondary organic aerosol to particle-bound reactive oxygen species activity in fine
ambient aerosol, Atmos. Chem. Phys., 19, 14703-14720, doi:10.5194/acp-19-14703-
2019.

Page 24 of 24
AVIATOR-GE-TEM-001-CO-v1.0-FINAL



