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a b s t r a c t

In this study, the positive matrix factorization (PMF) source apportionment model was employed to
quantify the contributions of airport activities to particle number concentrations (PNCs) at Amsterdam
Schiphol. Time-resolved particle number size distributions in parallel with the concentrations of auxil-
iary variables, including gaseous pollutants (NOx and CO), black carbon, PM2.5 mass, and number of
arrivals/departures were measured for 32 sampling days over a 6-month period near Schiphol airport to
be used in the model. PMF results revealed that airport activities, cumulatively, accounted for around
79.3% of PNCs and our model segregated them into three major groups: (i) aircraft departures, (ii) aircraft
arrivals, and (iii) ground service equipment (GSE) (with some contributions of local road traffic, mostly
from airport parking lots). Aircraft departures and aircraft arrivals showed mode diameters <20 nm and
contributed, respectively, to 46.1% and 26.7% of PNCs. The factor GSE/local road traffic, with a mode
diameter of around 60e80 nm, accounted for 6.5% of the PNCs. Road traffic related mainly to the sur-
rounding freeways was characterized with a mode diameter of 30e40 nm; this factor contributed to
18.0% of PNCs although its absolute PNCs was comparable with that of areas heavily impacted by traffic
emissions. Lastly, urban background with a mode diameter at 150e225 nm, had a minimal contribution
(2.7%) to PNCs while dominating the particle volume/mass concentrations with a contribution of 58.2%.
These findings illustrate the dominant role of the airport activities in ambient PNCs in the surrounding
areas. More importantly, the quantification of the contributions of different airport activities to PNCs is a
useful tool to better control and limit the increased PNCs near the airports that could adversely impact
the health of the adjacent urban communities.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Ultrafine particles (UFPs) have the potential to cause adverse
health impacts due to their chemical composition, oxidative ca-
pacity, high surface area to particle mass ratio, and their ability to
reach the lung alveoli (Chen et al., 2016; Cheng et al., 2016; Delfino
et al., 2005). Although UFPs comprise typically a minor part of the
ambient PM mass, they contribute to the majority of ambient
e by Admir Cr�eso Targino.
210, Los Angeles, CA, 90089,
particle number concentrations (PNCs) (Harrison et al., 2011;
Keywood et al., 1999; Ruuskanen et al., 2001; Stanier et al., 2004).

Several studies have documented airports as major sources of
UFPs (Hsu et al., 2014; Hu et al., 2009; Hudda and Fruin, 2016;
Mazaheri et al., 2013; Shirmohammadi et al., 2017; Westerdahl
et al., 2008). However, there are still uncertainties associated
with the impact of specific airport activities on the PNC increase in
the adjacent communities based on studies conducted in different
locations near major airports around the globe (Hsu et al., 2014;
Hudda et al., 2014; Masiol et al., 2017). For example, while Masiol
et al. (2017) reported that the impacts of the London Heathrow
(LHR) airport activities on PNC in an urban location near the airport
is around two thirds of those of the road traffic activities, the
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impacts of the Los Angeles International Airport (LAX) emissions on
the PNC in the populated areas downwind of the airport are sub-
stantially higher than those of the adjacent freeways (Hudda et al.,
2014; Shirmohammadi et al., 2017). According to the International
Civil Aviation Organization (ICAO), landing and takeoff (LTO) cycle
consists of the following operational modes: landing (approach),
taxing/idling, takeoff, and climb-out (Mazaheri et al., 2011). Land-
ing is considered as the arrival phase, and takeoff that is immedi-
ately followed by climb-out are considered as the departure phase.
It should be noted that each arrival and departure activity includes
taxing/idling as well. Furthermore, airport ground service equip-
ment (GSE) emissions, which include different ground-based ac-
tivities such as diesel-engine passenger buses, heavy duty vehicles
(HDVs) to transport luggage, fuel and supply, ground power units,
and tugs (Targino et al., 2017), may contribute significantly to the
overall air pollution produced by airports. Non-combustion sources
(e.g., road dust, tire and brake wear, and soil) are dominated by
larger particles (i.e., �1 mm) with negligible contributions to PNCs
(Gietl et al., 2010; Harrison et al., 2012). A few previous studies
were mostly focused on the takeoff and landing processes as major
parts of the aircraft departure and arrival phases, respectively (Hu
et al., 2009; Mazaheri et al., 2008; Ren et al., 2016; Westerdahl
et al., 2008). Moreover, some studies such as the Aircraft Particle
Emissions eXperiment (APEX) campaigns investigated emissions
frommultiple commercial aircraft engine models (Beyersdorf et al.,
2014; Kinsey, 2009; Kinsey et al., 2010; Onasch et al., 2009; Wey
et al., 2007, 2006). Based on the findings of these studies, PNC in-
creases due to aircraft activities might vary within orders of
magnitude depending on parameters such as the distance from the
jet engine exhaust, engine type, fuel type, wind direction/fre-
quency, and ambient conditions (e.g., temperature and relative
humidity) even in a single runway of the airport. Therefore, it
Fig. 1. (a) Location of the sampling site with respect to the Schiphol airport, main runways, a
corner of the figure. Moreover, the black triangle shown in the right side of the figure indi
would be essential to quantify the ultimate impact (contribution) of
these activities on daily PNCs measured in the urban areas affected
by airport emissions.

Previous positive matrix factorization (PMF) source apportion-
ment models were able to resolve only one factor attributed to
airport emissions (Masiol et al., 2017, 2016). The quantitative
contribution of specific major airport activities (e.g., aircraft de-
partures, aircraft arrivals, and GSE) to the PNCs in the nearby urban
areas is essential in order to fully understand the sources of
increased PNCs in these areas. In this study, we quantified the
contribution of major airport activities as well as other pollution
sources to the PNCs in an urban area near Amsterdam Schiphol
airport, the 3rd busiest airport in Europe. A strong association be-
tween PNCs downwind of Schiphol airport and flight activity has
been observed in an earlier study (Keuken et al., 2015) which
further underpins the need for conducting detailed source appor-
tionment of the observed PNC, which will enable the promulgation
of effective emission mitigation strategies to reduce population
exposure to these air pollutants.
2. Methodology

2.1. Sampling site

Fig.1 illustrates the location of the sampling site (52� 190 15.200 N,
4� 470 7.500 E) which was located approximately 2 km from north-
east of the airport and 300 m from two major runways. Four run-
ways of the airport, including 09/27, 18L/36R, 06/24, and 18C/36C,
are located to the southwest of the sampling site, whereas the
runway 18R/36L is located to the northwest of the sampling site at a
distance of 5.7 km. It is noteworthy that the runway 04/22 is
typically used for small aircraft; thus, we were not expecting to
nd major freeways. The wind rose during the study period is also shown in the top-right
cates the sampling site of the Keuken et al. (2015) study in the same area.
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capture significant emissions from this runway. The wind rose
during the sampling period is also shown in the right corner of the
figure. According to the figure, the dominant wind direction is
almost southwesterly, which directly transports airport-related
emissions to the densely populated areas to the northeast of the
airport. The sampling site is also close by (500e1000 m) two of the
local major freeways (i.e., A4 and A9) as well as several large
parking lots, and is influenced by the passenger traffic to and from
the airport. It should be noted that based on the local wind pat-
terns, a major part of these freeways are located upwind of the
sampling site. Thus, our sampling site represents an environment
that is impacted by both the emissions from nearby airport activ-
ities as well as road traffic.

2.2. Sampling period and instrumentation

Measurements, in the framework of a human volunteer expo-
sure study investigating health impacts of air pollution, were
conducted inside a mobile exposure laboratory from May through
October 2018 with a total of 32 sampling days. In the exposure
chamber (volume of 14 m3), an airflow systemwas present to keep
the air displacement level constant and to obtain a uniform flow of
ambient air (approximately 400 m3/h). Each day, measurements
were carried out approximately from 10 a.m. or earlier to around 3
p.m. The meteorological parameters during the sampling campaign
were obtained from the Royal Netherlands Meteorological Institute
(KNMI). The average temperature, wind speed, and relative hu-
midity during the sampling campaign were 19.9 ± 4.3 �C,
5.1 ± 2.2 m/s, and 63.5 ± 11.6%, respectively. Although we limited
the sampling period to 5 h per day, we do not expect our main
findings regarding the model-resolved contributions of airport and
traffic activities to PNCs to change considerably, based on the evi-
dence provided by Keuken et al. (2015). The authors of that study
observed that the net average PNCs (i.e., concentrations when the
wind direction was from Schiphol airport subtracted by the back-
ground concentrations) based on high-resolution data measured
downwind of the airport between 10 a.m. and 3 p.m. differed less
than 5% from the daily average. Moreover, more than 95% of the air
traffic activity at Schiphol airport and 90% of the road traffic activity
of the adjacent freeways (i.e., A4 and A9) take place during the 6
a.m. to 11 p.m. period, making the nighttime data of little relevance.

The measurement campaign aimed to capture days with pre-
dominant winds blowing from the airport and nearby runways, or
winds coming from the opposite site which would result in mostly
road traffic and other urban emissions, and was not designed to
capture the local seasonal patterns. However, based on the flight
activity (Fig. S3), traffic counts on the adjacent freeways (Fig. S4),
wind direction patterns (Table S4), and other meteorological con-
ditions such as mixing height (section 1 of SI), this period captures
the annual patterns of some of these parameters affecting PNCs. As
shown in Figs. S3 and S4, the variations in flight activity and road
traffic counts from month-to-month are very low (the ratio of
standard deviation to average was less than 8%); therefore, our
sampling period captures adequately the yearly patterns of air
traffic at the airport as well as the road traffic in the surrounding
freeways. We also calculated the annual local wind frequency using
the high-resolution data (resolution of 30 min) over the year 2018
provided by theWeather Underground (TheWeather Company, GA,
US) as shown in Table S4. It was observed that the wind blew from
the Schiphol airport location to our sampling site (i.e., SSW, SW, and
WSW directions in Table S4) around 18% of the time over the year
2018, while that fraction during our 6-month sampling period was
around 17%. Thus, our sampling period reflects closely the annual
wind patterns of the region. More discussion about the limitations
of the collected dataset is provided in section 3.1.
Ambient particle number size distributions in the range of
10e225 nm were measured utilizing a scanning mobility particle
sizer (SMPS, Model 3936, TSI Inc., Shoreview, MN, USA) connected
to a nano water-based condensation particle counter (CPC, Model
3788, TSI Inc., Shoreview, MN, USA). A sample flow of 1.5 L/min and
a sheath flow of 15 L/min were used for the SMPS measurements.
The size distribution of particles in the range of 10e225 nm was
measured in 88 size channels with a time resolution of 2 min. Prior
to conducting the field experiments, the SMPS and CPC instruments
were sent to the manufacturing company (i.e., TSI Inc.) for cali-
bration. Additionally, a tapered element oscillating microbalance
(TEOM, Model 1405, Thermo Fisher Scientific Inc., Waltham, MA,
USA) was utilized to continuously monitor the ambient PM2.5 mass
concentrations. The flow rate of the TEOM instrument was 5 L/min.
Black carbon (BC) concentrations were monitored with a time
resolution of 1 min by employing a portable Aethalometer
(MicroAeth Model AE51, Magee Scientific, Berkeley, CA, USA). The
model AE51 operating with radiation source of 880 nm utilizes a
T60 Teflon-coated borosilicate glass fiber filter strip for particle
collection and subsequent BC analysis. The AE51 flow ratewas 0.1 L/
min. In order to calculate the instrument’s limit of detection (LoD),
we used the approach followed by Targino et al. (2017). A HEPA
filter (Model No. 12144, Pall Laboratory, Ann Arbor, MI, USA) was
fitted to the AE51 inlet and the instrument was run for 13 h. The
instrument’s LoD calculated as (LoD ¼ 3*standard deviation of the
data under the abovementioned operating condition) was
approximately 0.095 mg BC/m3. In addition, measurements of
gaseous pollutants such as nitrogen oxides and carbon monoxide
(NOx and CO) were conducted using continuous monitors. NOx
concentrations were monitored using a chemiluminescent NO-
NO2-NOx analyzer (Model 200E, Advanced Pollution Instrumenta-
tion (T-API), San Diego, CA, USA). The sample flow rate of the in-
strument was 0.5 L/min. Moreover, the span noise was 0.2 ppb
while the zero noise was <0.2 ppb. A gas filter correlation analyzer
(Model 300E/EM, T-API, San Diego, CA, USA) was employed to
monitor the CO concentrations. Sample flow rate of this instrument
was 0.8 L/min. The span noise and zero noise were, respectively,
0.02 ppm and <0.02 ppm. It should be noted that the data of NOx
and CO concentrations were recorded with a resolution of 10 s
using a Squirrel SQ 2020 data logger (Grant Instruments Ltd.,
Cambridge, UK).
2.3. PMF model

PMF is a widely-used receptor model which can be utilized to
identify the sources of and quantify their contributions to a specific
variable (in this study, total ambient PNC) (Hopke, 2016; Paatero
et al., 2014). This receptor model employs a multivariate tech-
nique to solve the following mathematical equation (Krecl et al.,
2008):

xij ¼
Xp
k¼1

gikfkj þ eij (1)

where xij refers to the ambient PNC (or another auxiliary variable
concentration) of the ith sample and jth size interval (or species), p
refers to the number of factors which contribute to the ambient
PNCs, gik refers to the relative contribution of factor k to sample i, fkj
is the ambient PNC of jth size interval in the kth factor, and eij
represents the residual error value (observed e predicted) of the
sample i and size interval j. Subsequently, using a weighted least-
squares approach, PMF attempts to find out the factor profiles as
well as the contributions by minimizing the objective function (Q),
which is defined as below:



Fig. 2. Average particle number and volume size distributions during the study period.
The 1st and 3rd quartiles of the size distributions are also shown in the figures.
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Q ¼
Xn
i¼1

Xm
j¼1

 
eij
uij

!2

(2)

where, n represents the total number of samples, m is the total
number of size intervals, and uij represents the uncertainty of the
concentration measurements for the ith sample and jth size inter-
val. PMF performs the abovementioned minimization by imple-
menting the non-negative constraint for source profile and
contribution values (Norris et al., 2014).

One major limitation of such receptor models is that the error
estimates of environmental data could be considerably varying
although it has been shown that the PMF model is better suited
than similar dimension reduction methods such as principal
component analysis (PCA) (Paatero and Tapper, 1994). Since the
exact uncertainty values were not measured for the samples in this
study, we used the method suggested by Zhou et al. (2004) to es-
timate the uncertainties associated with the experimental
measurements:

Sij ¼sij þ C1max
���xij��; ���yij���� (3)

where, Sij is the associated uncertainty for ith sample and jth size
interval, C1 is a constant typically between 0.1 and 0.5, yij is the
predicted value of xij calculated by the model, and sij is the mea-
surement error for ith sample and jth size interval (or species)
calculated as follows:

sij ¼C2
�
Nij þNj

�
(4)

where, C2 is a constant typically between 0.01 and 0.05, Nij is the
predicted number concentration for the ith sample and jth size
interval (or species), and Nj is the mean number concentration for
the jth size interval (or species). In this study, we utilized the
USEPA’s PMFmodel version 5.0 for ambient particle number source
apportionment. Particle number size distributions in addition to
the auxiliary variables, including gaseous pollutants (NOx and CO),
PM2.5 mass, black carbon, and flight activity (i.e., number of de-
partures and arrivals) were used as the input to themodel. The time
resolution for all of the input parameters was 10 min. PMF runs
were performed in the robust mode in order to decrease the im-
pacts of the values with considerable uncertainties on the final PMF
results (Brown et al., 2015). PNC was selected to be the total vari-
able. Moreover, NOx, BC, PM2.5, and CO were set as weak to mini-
mize their impact on the final solution. In order to evaluate the
validity of the PMF outputs, error estimation methods, including
Bootstrap (BS) and Displacement (DISP), were used. For the BS
analysis, 20 runs were conducted, and the results were considered
as acceptable only if all of the resolved factors showed amapping of
above 80%. For the case of DISP analysis, the final solution was
associated with no rotational ambiguity if the reduction in Q value
(dQ) was less than 0.1% and no factor swap occurred for the lowest
dQmax.
Table 1
Statistical summary of the measured concentrations used as input to the PMF model. Re

Variable Mean

Total number concentration (Particles/cm3) (SMPS basis) 35,308
PM2.5 (mg/m3) 7.4
BC (mg/m3) 0.6
NOx (mg/m3) 31.8
CO (mg/m3) 597.8
3. Results and discussion

3.1. Overview of the data

Table 1 illustrates a statistical summary of the measured species
concentrations during the study period. The signal-to-noise ratios
(S/N) for all of the measured parameters are significantly higher
than unity. The mean total PNC was 35,308 ± 615 particles/cm3,
which is comparable to the day-time average PNC of 42,000 par-
ticles/cm3 reported by Keuken et al. (2015) in an urban area
northeast of Schiphol airport when thewind directionwas from the
airport location. Average particle number and also volume size
distributions during the sampling period are shown in Fig. 2. As
demonstrated in the figure, the number mode diameter is in the
range of 10e20 nm, which is consistent with the other studies
conducted in areas affected by the airports (Mazaheri et al., 2008;
Westerdahl et al., 2008; Zhu et al., 2011). Further, the average
particle volume size distribution was also following the typical
trend in the urban areas, with an increase in the total volume
concentration as the particle diameter increases especially at size
ranges above 100 nm. As expected, the very large number con-
centrations of smaller particles (i.e., smaller than 30e40 nm) does
not have significant impacts on the volume size distribution (Vu
solution of the data is 10 min.

Standard error (SE) Min Max S/N ratio

615 2080 294,238 7.0
0.3 0.6 99.1 7.1
0.1 0.1 5.3 6.9
0.7 4.9 115.6 6.8
3.4 420.8 950.9 6.8



Fig. 3. Number and volume size distributions for each of the resolved factors by the
PMF model. The dotted blue lines indicate the explained variation for each of the size
bins with corresponding values at the secondary Y-axis, while the solid black lines
indicate the absolute concentrations for each of the size intervals with corresponding
values at the primary Y-axis. Error bars (in red) represent the uncertainty computed
using the displacement (DISP) analysis. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)
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et al., 2015).
Although the data collected during the cooler months of our

sampling period might be capturing part of the wintertime PNC
patterns, it is possible that if our campaignwas extended during the
winter months, the absolute PNC values might be higher than the
campaign average due to the enhanced condensation and parti-
tioning to the particle phase of semi-volatile organic vapors
emitted by the prevailing combustion sources (i.e., aircraft and
traffic), a result of lower temperatures as well as depression in at-
mospheric mixing height (Pirhadi et al., 2019). We acknowledge
that the lack of wintertime measurements is a limitation of our
study; nonetheless, the PNC sources identified in the sampling area
(e.g., aviation, road traffic, airport ground-based operations) are
mostly combustion processes, the particle emissions of which are a
mixture of non-volatile species such as black carbon (and to a lesser
extent trace elements), but mostly semi volatile organic species of
similar chemical and thermodynamic properties (He et al., 2018;
Kinsey et al., 2011; Mazaheri et al., 2011; Onasch et al., 2009;
Shirmohammadi et al., 2018). The PM emissions of these sources
would probably be affected to the same degree by the meteoro-
logical factors noted earlier. For example, in a study conducted at
the Heathrow airport in London, where the meteorological condi-
tions are comparable with those of Amsterdam, Masiol et al. (2017)
did not observe considerable differences between the contribution
of the apportioned factors to PNCs in warm (i.e., August and
September) and cold (i.e., December and January) phases of that
study. Specifically, the contribution of the airport factor to PNCs
only varied 1.5% between the warm and cold periods. We therefore
believe that the relative contributions of the apportioned factors/
sources to PNCs in the wintertime would not be substantially
different thanwhat is reported in our study, recognizing, again, that
this is a limitation and could be the subject of future investigations.

3.2. Number of factors

We performed the PMF runs using various number of factors,
uncertainty matrices for the input data, and the PMF extra
modeling uncertainty to empirically achieve the most efficient and
plausible results in terms of statistical robustness and physical
interpretation. More comprehensive discussion on the extra
modeling uncertainty selection and the implemented criteria (e.g.,
factor specific number and volume size distributions, correlation
with auxiliary variables and model coefficient of determination
(R2)) to select the best PMF solution is provided in the SI document.
Based on thementioned criteria, a five-factor solution (identified as
aircraft arrivals, aircraft departures, road traffic, ground service
equipment (GSE)/local road traffic, and urban background, as
justified below in more detail) was selected as the optimum result
of the PMF model. The predicted versus measured total PNC for the
whole study period can be found in the SI section (Fig. S5). As
shown in the figure, the R2 value for the linear regression is 0.99,
indicating that the PMF model successfully identified and quanti-
fied the sources of the ambient PNC in the study area. A sensitivity
analysis was also performed to select the optimum number of
factors identified by the PMF model, the details of which can be
found in the SI document.

Fig. 3 illustrates the particle number and volume size distribu-
tions for each of the resulting factors. The error bars in Fig. 3
represent the uncertainty estimated from the DISP error estima-
tion analysis. Moreover, the explained variation for each of the size
bins with corresponding values at the secondary Y-axis can be
observed in the size distribution plots. Table 2 tabulates the relative
contribution to total PNCs in addition to the auxiliary variable
loadings for each of the resulting factors. The absolute contribution
(particles cm�3) of each of the PMF-resolved factors to the total PNC
is also presented in Fig. 4. PNC pollution roses for each of the
resolved factors are also illustrated in Fig. 5.
3.3. Factor identification

Factors 1 and 2 (Aircraft arrivals and Aircraft departures,



Table 2
Relative contribution to total PNCs in addition to the auxiliary variable loadings for each of the resolved factors. In the second column, the values in parenthesis show the range
of DISP uncertainty analysis.

Factor name Mode (nm) Contribution to PNCs (%) Auxiliary variable loadings (%)

PM mass NOx CO BC Departures Arrivals

Aircraft arrivals 13 26.7 (26.1e27.6) 13 13 24 8 0 45
Aircraft departures 19 46.1 (45.2e46.7) 0 14 0 15 37 0
Road traffic 30e40 18.0 (17.5e18.7) 14 8 12 67 0 0
Ground service equipment (GSE)/local road traffic 60e80 6.5 (6.1e6.9) 13 35 31 10 40 26
Urban background 150e225 2.7 (2.3e3.1) 60 30 33 0 23 29

Fig. 4. Absolute contribution (particle cm�3) of each of the PMF-resolved factors to the
total particle number concentrations (PNCs).
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respectively): Factors 1 and 2 exhibit number modes < 20 nm (i.e.,
around 13 nm for factor 1 and around 19 nm for factor 2) (Fig. 3)
accounting, cumulatively, for the majority of particles < 20 nm (i.e.,
significantly high explained variations for particles in this size
range (secondary Y-axis)). The volume mode diameter for both of
these factors is also around 20 nm, although they show another
peak in the volume distribution at larger diameters. Factor 1 con-
tributes to 26.7% of PNCs and 2.8% of particle volume concentra-
tions, whereas factor 2 contributions to PNCs and particle volume
concentrations are 46.1% and 8.9%, respectively (Table 2). The cor-
responding absolute contribution of factors 1 and 2 to total PNCs
was, respectively, 9357 particles/cm3 and 16,115 particles/cm3

(Fig. 4). A previous study conducted in the same area indicated that
particle number size distributions in a region affected by the
Schiphol airport emissions are dominated by particles in the range
of 10e20 nmwhen the wind was from the airport location (Keuken
et al., 2015). Moreover, several studies have documented that
aircraft engines emit particles with number mode diameters of
<20 nm (Herndon et al., 2008; Kinsey et al., 2010; Lobo et al., 2012;
Masiol and Harrison, 2014; Mazaheri et al., 2013). In a similar
source apportionment study near the LHR airport using PMF,
Masiol et al. (2017) also reported an airport factor with a number
mode diameter at around 15 nm.

Factor 1 also demonstrates loadings of NOx, CO, and BC, all of
which are products of aircraft engine emissions (Dodson et al.,
2009; Hu et al., 2009; Targino et al., 2017; Vu et al., 2015)
(Table 2). Moreover, this factor shows a very strong association (i.e.,
45% factor loading) with number of arrivals at the airport while
there is no association between this factor and number of de-
partures. On the other hand, factor 2 is correlated with aircraft
engine products (e.g., NOx and BC) and has a high association with
number of departures at the airport (37% factor loading), while
there is no correlation with the number of arrivals. Therefore, fac-
tors 1 and 2 were labelled aircraft arrivals and aircraft departures,
respectively. Moreover, as mentioned earlier, the number mode
diameter of factor 1 (i.e., aircraft arrivals) is slightly smaller than
that of factor 2 (i.e., aircraft departures), which also has been
observed by previous studies investigating the PN distribution of
aircraft engines (Mazaheri et al., 2008; Westerdahl et al., 2008).
This small difference might be attributed to higher thrust settings
during aircraft departures (Beyersdorf et al., 2014; Delhaye et al.,
2017).

The cumulative contribution of aircraft departures and arrivals
to PNCs is 72.8%. As mentioned in the introduction section, Keuken
et al. (2015) have reported that 77% of the elevated PNC variations
downwind of Schiphol airport can be explained by aviation activ-
ities. Therefore, the range of contributions to total PNC of aircraft
departure and arrival related factors in our study (72.8%) is in
agreement with the findings of the previous literature. Moreover,
the contribution of aircraft departures to PNCs is around 1.7 times
of that of aircraft arrivals. Previous studies have observed a wide
range of particle emission trends at different aircraft thrust settings
depending on many parameters such as engine type, distance from
the jet engine exhaust, and ambient conditions as mentioned
earlier (Beyersdorf et al., 2014; Herndon et al., 2008; Hu et al., 2009;
Kinsey, 2009; Kinsey et al., 2010; Mazaheri et al., 2011, 2008;
Onasch et al., 2009; Ren et al., 2016; Westerdahl et al., 2008; Wey
et al., 2007, 2006). Some studies conducted under real world con-
ditions observed higher PNCs from takeoffs in comparison to
landings (Mazaheri et al., 2011, 2008; Ren et al., 2016; Westerdahl
et al., 2008). For example, Mazaheri et al. (2008) measured PNCs
downwind of a runway covering 207 B737 aircrafts at Brisbane
airport, Australia. The average PNCs downwind of takeoff activities
was around 1.3 times of that of landing activities. On the other
hand, Kinsey et al. (2010) observed higher PNCs at lower thrust
settings for most of the engines tested during the APEX campaigns.
Onasch et al. (2009) reported that particle emissions at thrust
setting of 100% (related to takeoff) can be higher or lower than that
of 30% (related to landing) depending on the distance of sampling
probe from the engine exit plane. In the present study, our sam-
pling site was closer to the busiest runway of Schiphol airport in
terms of number of departures (i.e., runway 06/24) than the busiest
runway for arrival activities (i.e., 18R/36L). Moreover, the average
number of departures during our sampling campaign was slightly
higher (i.e., 13%) than that of arrivals (see Table S1). Also, as re-
ported by previous investigations, in general, the taxing time cor-
responding to the departure activity is around 2e2.5 times that of
arrival activity (Mazaheri et al., 2011). Therefore, the higher con-
tributions of aircraft departures to PNCs compared with arrivals
observed in our sampling site are supported by field measurement
campaign findings (although the literature is not conclusive) when
considering the selected sampling location and aircraft activities at
Schiphol airport.

The PNCs pollution rose plots corroborated the origin of the
resolved aircraft departure and arrival factors (Fig. 5(a)e(b)). As
shown in the figure, the highest contributions for both of these
factors occur during southwesterly, westerly, and northwesterly



Fig. 5. Particle number concentrations (PNCs) pollution roses for the resolved factors: a) Aircraft departures; b) Aircraft arrivals; c) Road traffic; d) Ground service equipment (GSE)/
local road traffic; e) Urban background.
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winds, transporting particles from airport major runways to our
sampling site. The contributions from southwest to these factors
are higher than those from northwest, mainly because there is only
one major runway located to the northwest of the sampling site
with a relatively larger distance (i.e., 5.7 km) to the sampling site
compared to the other runways, as mentioned in section 2.1.

Factor 3 (Road traffic): Factor 3 is characterized by number (and
also volume) mode diameters around 30e40 nm (Fig. 3) and con-
tributes to 18.0% of the total PNCs (Fig. 3 and Table 2). The corre-
sponding absolute contribution of this factor to total PNCs was
6298 particles/cm3 (Fig. 4). Moreover, the contribution of this factor
to total volume/mass concentrations was 12.5%. Particle mode di-
ameters at 30e40 nm have been widely attributed to the road
traffic emissions in the literature (Kim et al., 2002; Ntziachristos
et al., 2007; Vu et al., 2015). For example, Ntziachristos et al.
(2007) have reported number mode diameters of around 30 nm
during a 7-week campaign next to a major freeway at Los Angeles.
Moreover, previous particle number source apportionment studies
have resolved factors with a similar mode diameter for the road
traffic emissions (Beddows et al., 2015; Sowlat et al., 2016; Vu et al.,
2016). For example, both Vu et al. (2016) and Beddows et al. (2015)
reported road traffic factors with a number mode diameter at
around 30 nm in an urban area in London. Factor 3 also shows
correlations with tracers of traffic-related emissions, including NOx,
CO, and especially BC. Moreover, this factor does not have any
correlation with number of departures and arrivals in the airport,
suggesting that its origin is completely independent of the airport
activities. All this evidence supports the identification of this factor
as road traffic of the local pathways such as A4 and A9 freeways.
The association of BC with this factor (67% factor loading) is
considerably higher than the aircraft factors (i.e., departures and
arrivals), which is consistent with the findings of Keuken et al.
(2015, 2012), in which the authors observed significantly higher
BC levels due to the local road traffic emissions than Schiphol
airport emissions. Unlike its relatively low contribution to PNC (i.e.,
18.0%), the resolved absolute concentration of this factor (i.e., 6298
particles/cm3) is comparable with other values reported by source
apportionment studies conducted in areas heavily impacted by
traffic such as Beijing and Los Angeles (Liu et al., 2014; Sowlat et al.,
2016). The modest relative contribution of this factor to PNCs
(18.0%) is because of the dominance of airport emissions in the
region. The pollution rose plot of this factor also supports its traffic
origin (Fig. 5(c)). As can be seen in the figure, the winds blowing
from west, southwest, and northwest facilitate the transport of
traffic-related particles from the major surrounding freeways (e.g.,
A4 and A9).

Factor 4 (Ground service equipment (GSE)/local road traffic): Fac-
tor 4 has a number and volume mode diameter around 60e80 nm,
and contributes to 6.5% of the total PNCs (Fig. 3 and Table 2). The
corresponding absolute contribution of this factor to total PNCswas
2064 particles/cm3 (Fig. 4). Moreover, the contribution of this factor
to volume concentrations is 17.6%. Particles with the mode diam-
eter of around 60e90 nm have been associated with HDVs and
passenger buses (Huang et al., 2013; Wehner et al., 2009), which is
consistent with the type of the ground-based vehicles in the
airport. Previous source apportionment studies also reported a
diesel-driven vehicle factor with number mode diameters of
around 60e70 nm (Krecl et al., 2017, 2015), in agreement with the
dominance of diesel fuel used in the airport ground-based opera-
tions. This factor is highly correlated (factor loadings of around
30e35%) with the exhaust-related tracers (e.g., CO and NOx) as
well. More importantly, it is correlated (factor loadings of around
25e40%) with both number of departures and arrivals in the
airport. Therefore, this factor comprises mainly the ground service
equipment (GSE) in the airport, which includes passenger buses
andHDVs to transport luggage, fuel, and supply asmentioned in the
introduction section, all of which increase with increasing flight
numbers (both departures and arrivals). Moreover, we believe that
this factor might include some minor contributions from local road
traffic especially from the airport parking lots located to the
northwest of the sampling site. Therefore, we labelled this factor as
GSE/local road traffic. Moreover, based on the observed size mode
and correlation with flight numbers and gaseous pollutants, this
factor might also include contributions from auxiliary power units
(APUs) as well (Ubogu et al., 2018), although some other studies
suggest generally smaller mode diameters for APUs at different
conditions (Khandelwal et al., 2019; Kinsey et al., 2012; Lobo et al.,
2011). The pollution rose of this factor also corroborates its origin
(Fig. 5(d)). The highest contributions are from southwest and
northwest of the sampling sitewhere the runways of the airport are
located. Additionally, the contributions from northwest are com-
parable or even higher than those from southwest. This is likely
because the runway located northwest of the sampling site is the
farthest runway to the airport terminal. Therefore, the corre-
sponding activities to transport passengers and luggage from the
terminal to this runway emit more particles in the size range of this
factor (i.e., 60e80 nm) from the northwest direction.

Factor 5 (Urban background): This factor is mostly characterized
by particles larger than 100 nm,with the number and volumemode
diameters of around 150e225 nm (Fig. 3). While this factor had a
minimal contribution (a relative contribution of 2.7% and an ab-
solute contribution of 936 particles/cm3) to the total PNC (Fig. 4 and
Table 2), it demonstrated the highest contribution in comparison to
all of the other factors to the total volume concentrations (58.2%).
Previous particle number source apportionment studies have
indicated that such a number and volume mode at around
150e200 nm is typically associated with urban background parti-
cles, which have had the time to undergo atmospheric aging pro-
cesses following their emission from a variety of pollution sources
(e.g., industrial and residential sources, mixed road traffic, aviation,
and shipping) of typical urban environments (Beddows et al., 2015,
2009; Masiol et al., 2017; Sowlat et al., 2016; Vu et al., 2016).

The evaluation of the auxiliary variables profile for this factor
indicated very high loadings of PM2.5 mass (i.e., 60%), quite
consistent with the large contribution of this factor to PM volume/
mass. In addition, high loadings (around 30e35%) of urban pol-
lutants, such as NOx and CO, were also observed for this factor. This
is also in agreement with the results from previous studies,
showing strong associations between this factor and urban pollu-
tion tracers (e.g., NOx and CO) (Beddows et al., 2015, 2009; Masiol
et al., 2017; Sowlat et al., 2016; Vu et al., 2016). Lastly, the pollu-
tion rose of this factor showed high contributions from all of the
directions including the urban areas located to the northeast of the
sampling site (Fig. 5(e)). All this evidence further substantiates the
labeling of this factor as urban background particles.

4. Summary and conclusions

This study was the first of its type to identify and quantify the
contribution of major airport activities (e.g., aircraft departures,
aircraft arrivals, and GSE) to the PNCs observed in a sampling site
adjacent to a populated area affected by the airport emissions. In
addition to the selected time-resolved pollutant concentrations
(e.g., CO, NOx, BC, and PM2.5), we used the number of arrivals and
departures as a tool to distinguish airport activities and nearby
roadway PNC sources. Our results showed that each of the airport
activities and other nearby major combustion sources in the area
are characterized by a distinct number size distribution. Despite the
proximity of the sampling site tomajor airport runways, almost 20%
of the PNC were explained by roadway traffic emissions from
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nearby freeways, illustrating the need for multi-site source appor-
tionment studies near PNC hotspots in urban areas. Based on the
local wind patterns, the sampling site was intentionally selected to
the northeast of Schiphol airport to capture the daily exposure of
the populated areas located downwind of the airport. Aircraft de-
partures had higher contributions to total PNC (46.1%) than arrivals
(26.7%) in our sampling site, which is probably due to its proximity
to the airport’s busiest runways in terms of departure activities,
longer departure taxing times and the departure/arrival activity
schedule at the airport during the sampling hours of our campaign.
As suggested by previous field studies, PNC levels due to aircraft
activities might vary significantly depending on parameters such as
the distance from the jet engine exhaust, engine type, fuel type,
wind direction/frequency, and ambient conditions (e.g., tempera-
ture and relative humidity). Therefore, the findings of our study
regarding PNC source contributions may only apply to the selected
sampling area. Further research at different sites around airports
with different geospatial characteristic (e.g., wind direction/speed,
distance from major roadways and flight activity schedule) is
needed to provide a finer resolution of source contributions of PNCs
and their spatial variability in urban areas affected by airport
activities.
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