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Abstract. Madrid-Barajas International Airport (MAD), located in Spanish Capital Madrid, is the fourth-busiest
airport in Europe. As partof the AVIATOR campaign,chemicalcomposition of particulate matterand otherkey
pollutantswere measured atthe airport perimeter during October 2021, to assess the impact of airport emissions
on local air quality. A high-fidelity ambient instrumentation system wasdeployed at Madrid Airport to measure:
composition of ambient aerosoland concentrations of black carbon (eBC), carbon dioxide (CO2) carbon monoxide
(C0O), nitrogen dioxide (NOx), sulphur dioxide (SO), particulate matter (PM2.5, PM1o), totalhydrocarbon (THC),
and totalparticle number. The average concentration forthe entire campaign of eBC, NOx, SOz, PM25, PM1o, CO
and THC attheairport were, 1.07 (ug/m3), 22.7 (ug/m3), 4.10 (ug/m3), 9.35 (ug/m3), 16.43 (ug/m3), 0.23 (Mg/m?3)
and 2.30 (mg/m3) respectively. The source apportionment analysis of the non-refractory organic aerosol (OA)
using positive matrix factorisation (PMF) allowed us to discriminate between different sources of pollution,
namely: Less Oxidised Oxygenated Organic Aerosol (LO-OOA), Alkane Organic Aerosol (AlkOA), and More
Oxidised Oxygenated Organic Aerosol (MO-OOA) source. The results showed that LO-OOA and MO-OOA
accountsformore than 80% of the totalorganic particle massthat wasmeasured nearrunway attheairport. Trace
gases correlate better with AlkOA factormore than LO-OOA and MO-OOA which indicate that AIKOA is mainly
related to the primary emissions of combustion. Bivariate polar plots were used for the source identification.
Significantly higher concentrations of the obtained factors were observed at low wind speeds < 3m/s from the
southwest where two of runways, as well as all terminals are located. Higher SO2/NOx and CO/eBC ratios were
observed when the winds originating from the northeast where the 18L/36R runwaysare located. This is attributed
to the aircraft influence and the lack of a local road source in the northeast area.

1. Introduction

Several studies have linked particulate matter (PM) to a range of harmfulhealth effects, including respiratory and
cardiovascularailments (Boldo etal., 2006; Li et al., 2003a; Pope and Dockery, 2006; Schwarze etal.etal., 2006).
In recent years, a number of researchers have found an association between aviation emissions and potential
adverse human health impacts. These emissions can lead to immune system malfunction, various pathologies, the
development of cancer, and premature death. Hence, it is increasingly recognised as a serious, worldwide public
health concern (Yim et al., 2013; He et al., 2018; Jonsdottir et al., 2019).

A few studies havereported thatair pollutantsemitted from large airports canplay a vital role in worsening the
regional air quality (Rissman et al., 2013; Hudda and Fruin,2016). Hu et al., (2009) and Westerdahlet al., (2008)
measured high ambient PM concentrations downwind of Los Angeles International Airport (LAX) and Santa
Monica Airport (SMA) in California. A decline in the ambientair quality was observed over distances of up to
18 km downwind from international airports owing to gas turbine-emitted PM (Hudda et al., 2014; Hudda and
Fruin, 2016). Airports' contribution to primary and secondary inhalable and fine particulate matter (PM10 and
PM2.5, mass of particles with aerodynamic diameters <10 um and <2.5 pm, respectively) making them
determinants of the air quality in cities and a significant issue for the localair quality management. To date, several
questions still remain to be answered regarding the chemicalcomposition of aircraft plumes, and the health risks
associated with the exposure to the pollutants originating from airportsin neighbouring communities. Responding
to the growing concern about the risk of exposure to airport pollutants, studies have been conducted to gain a
better understanding of airport emissions and their possible effects on local and regional air quality. Thus far,
aircraft engines are considered to be one of the major sources of both gaseous and particulate pollutants at the
airport (Masiol and Harrison, 2014). Various campaigns have reported both physical and chemical properties of
particulate and gaseous emissions (Kinsey, 2009; Kinsey et al., 2010,2011; Mazaheriet al.,, 2011; Hudda et al.,
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2016). Aviation fuel Jet Al is the most common type of fuel thatis used in civil aviation.It’s a complex mixture
of aliphatic hydrocarbons and aromatic compounds, characterized by a mean C/H ratio of ~0.52 (with an average
empirical molecular formula of C12H23) (Lee et al., 2010). The paraffins fractions in jet fuel typically make up
over 75% of the fuel by weight, while the aromatic contentis less than orequal to 25% (Liu et al., 2013). Several
fuel combustion sources are present at airports, including aircraft operation and diesel ground transport that
services the airportand brings in passengers fortraveling. Fuel combustion likely caused maximum particle counts
in 10- 20 nm range based on the particle size distribution analysis (Zhu et al., 2011). There are also other sources
of airport-related PM emissions that contribute to air pollution at the local scale. Particulate pollution (38% of
PM10 with a mean level of 48 ug/m3) at airports can periodically originate from the construction activities for
terminal maintenance and construction (Amato et al., 2010). Particles emitted by commercial aircraft can be
divided into two main groups: non-volatile and volatile PM. Non-volatile PM (nvPM) is usually formed during
the (incomplete) combustion process and then emitted from the aircraft combustion chamber. It consists mostly
of carbonaceoussubstancessuch assoot, dust, and trace metals (Yu et al., 2019). nvPM hasthe physical property
of being resistant to high temperatures and pressure. On the other hand, volatile PM is formed through gas to
particle conversion process, primarily by sulphur and organic compounds, which exist in the exhaust gas
downstream of the engine afteremission. Sulphuric compoundsare formed asa result of sulphur in fuel, whereas
organic particles are formed as combustion products, and from fuel and oil vapours (ICAO, 2016; Smith et al.,
2022). Aircraft and ground unit emissions have been documented in prior research (Masiol and Harrison, 2014),
yet there is still a gap in knowledge about airport-related PM emissions in terms of (i) apportioning PM to
individual sources at airports, (ii) specifying their chemical composition, and (iii) the wider impacts of PM on
local communities. This study set out to obtain data that will help to address these research gaps by providing
furtherin-depth information on particle composition measurementsand key pollutants observed within an airport
environment, through characterizing organic volatile PM emissions aiming to assess the effect of aviation
emissions on the local air quality. Here we focuson Adolfo Suarez Madrid—Barajas Airport in Madrid. As part of
the AVIATOR Project (Assessing aViation emission Impactonlocal Air quality atairports: TOwards Regulation),
several experiments were conducted at the Madrid—Barajas Airport, for monitoring the chemical properties of
sub-micron particles. Source apportionmentanalysis was performed based on the particle data collected via high
resolution massspectrometry and this analysis allowed us to discriminate between different sources of pollution
at the airport microenvironment. These findings will serve as the foundation for additional comprehensive
research, such as toxicological and health effect studies of PM originating from aviation activities.

2. Methods
2.1. Description of the sampling location

Adolfo Suarez Madrid-Barajas Airport is the main international airport in Spain, located within the municipal
limits of Madrid, 13 km northeast of Madrid's city centre. It is the fourth-busiest airport in Europe based on
passenger volume (Eurostat Database,2021).1n 2019,62 million travellers used Madrid-Barajasand nearly half
a million aircraft movements have been recorded, makingit the largest and busiest airport in the country.In 2021,
nearly one-third of the previous number travelled through Madrid Airport because of the COVID-19 pandemic.
The airport has five passenger terminals named T1, T2, T3, T4, and T4S. Barajas Airport has four runways: two
on the north-south axis and parallel to each other 18L/36R - 18R/36L and two on the northwest-southeast axis
14L/32R - 14R/32L. The runways enable takeoff and landing simultaneously at the airport, allowing 120
operations per hour (one takeoff or landing every 30 seconds). The sampling location was chosen in concert with
AENA, the owner and operatorof the Barajas Airport to facilitate the provision of power and access for servicing.
Focusing on the temporaland spatial monitoring of the key pollutants, the site was positioned between runways
36L and 36R to sample the airport emissions from an optimal sampling point for aviation activities (Fig.1). The
distance from sampling location to the runways 18L/36R, 18R/36L,14L/32Rand 14R/32Lare 680 m,620 m, 3.2
km,and 4.1 km respectively. Furthermore, the distance between samplinglocation and adjacent terminals T1, T2,
T3is approximately 5 km whereas3 km and 1.5 km to the terminals T4 and TS4 respectively. The nearest highway
is located around 2.6 km away from the sampling location.
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Figure 1. Locations of runways, terminals, and sampling site at Adolfo Suarez Madrid-Barajas Airport.
Measurements were performed between October 8, 2021 and October 23, 2021. (Adapted from: https:/iwww.
openstreetmap.org)

2.2. Sampling and instrumentation

The autumn campaign of AVIATOR took place in October 2021. Sampling was conducted continuously, starting
at12:00 pm on October8, 2021 and endingat 20:00 pm on October 23, 2021. An ambient instrumentation system
with specific reference to PM was deployed at Madrid Airport to better characterise air quality at the airport
microenvironment. The measurement equipment of the system includes an Aerodyne High-Resolution Time-of-
Flight Aerosol Mass Spectrometer (AMS) for the chemical speciation of the particles. AMS measures
concentration and chemical composition of non-refractory aerosols online. AMS provided high-resolution
measurements of primary and secondary organic aerosol and inorganic aerosol including sulphates, nitrates, and
ammonium, from approximately 60 nm to 600 nm with 100 % transmission, extending to smaller and larger sizes
with reduced transmission (Canagaratnaetal.,2007). An aerodynamic lensis used to drawaerosols into a vacuum
chamber. Particles are focused into a narrow beam and accelerated to a velocity inversely related to their vacuum
aerodynamic diameter. The particles impacton a tungsten surface, heated to 600 °C, which causes them to flash
vaporise. A 70-eV electron is used to ionize the vapoursbefore they are analysed by mass spectrometry. During
the measurement period, AMS was sampling with 1um cut-off inlet and at 30 s time resolution. In addition to
standard AMS flow, baseline and single ion calibrations every second day, an ammonium nitrate solution was
atomised to calibrate the AMS (for size-dependent ionisation efficiency). The analysis of the chemical
characteristics of aircraft PM using an AMS have been described elsewhere in detail (Yu et al., 2010; Anderson
et al.,, 2011; Smith et al., 2022). Equivalent black carbon mass concentration (eBC) based on aerosol optical
absorption was monitored using the Multi-Angle Absorption Photometer (MAAP) during this campaign. The
MAAP operates at 670nm wavelength, hasa 10s-time response with a flow rate of 8 litre/min, for unattended
long-term monitoring of carbonaceous particulate emissions from combustion sources (Petzold and Schonlinner,
2004). MAAP has been used for the monitoring of black carbon emission from aviation (Herndon et al., 2008;
Timko etal., 2014). The instrumentwasset up to measure average eBC concentrations with one-minute intervals.
By using a condensation particle counter (CPC), TSI model 3750 (Dso=~7nm), total particle number concentration
was measured real-time to capture temporal variability in particle number concentrations with a measurement
range of up to 100,000 particles/cm?® and a time resolution of one second. Ambient CO2 concentration near
runwayswere also measured by a LI-COR CO; Trace Gas Analysers at 1-sec intervals. In addition, meteorological
parameters (temperature, pressure, relative humidity, wind speed, and direction) were measured at the site with
the instrumentation system. The system was co-located with AENA (REDAIR) fixed monitoring site to provide
additional spatially resolved data. The REDAIR station monitors the concentration of sulphur dioxide (SO2),
nitrogen dioxide (NOx), carbon monoxide (CO), ozone (03), suspended particles PM (including PM2.5, PM10),
and total hydrocarbon (THC) with a time resolution of 30 minutes.



149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186

187

188

190

191
192

193
194
195

2.3. Data analysis

AMS was operating in Mass Spectrum (MS) mode to identify the chemical species present in the aerosol ensemble
and quantify the overall mass loading. AMS data were analysed using the data analysis toolkit TOF-AMS
SQUIRREL v1.65B, operated within Igor Pro (WaveMetrics, Inc.). The Source Finder (SoFi) is a software
package designed to analyse multivariate data using state-of-the-art source apportionment techniques to
understand the sources of various pollutants (Canonaco etal., 2013). SoFi, running under IGOR 6.37, was used
to deconvolve organic aerosol emissions via the Positive Matrix Factorization (PMF) model. The PMF model,
implemented through the multilinearengine version 2 (ME-2) factorisation tool, was used to determine the number
of factors (sources). ME-2, a multivariate solver, employs the same mathematical/statistical method as PMF to
evaluate solutions (Paatero, 1999). ME-2 equations are designed for analysing and calculating the relative
contributions of various source pollutants by measuring their concentration at receptor locations (Paatero and
Tapper, 1994). The PMF model processes many variables and categorises them into two types (i) source types,
which can be determined based on the chemicalcomposition of the pollutants, and (ii) source contributions, used
to quantify the amount of contribution from each source to a sample. PMF inputs were restricted to only non-
negative concentrations since no sample can have a negative source contribution. A step-by-step approach was
employed to select the numberof solutions (factors). The method described by Reyes et al. (2016) and Smith et
al. (2022) was followed to determine the optimalsolution. This approach began initially with a two-factormodel
and then incrementally increased to a maximum of five factors. PMF analysis was performed with seed runs and
varying FPEAK values (ranging from -1 to 1 with steps of 0.1) to better differentiate organic aerosol sources.
Seed runs and FPEAK are rotational techniques in the ME-2 tool, and they represent one of the unconstrained
PMF run approachesused for the exploration of the solution space. During the analysis, it was noted that factor
four consistently correlates with factor five, exhibiting identical time series and similarities in massspectra. This
difficulty in separation has previously been observed in the case of well-mixed pollutants, attributed to low
temperatures and wind speeds (Reyes et al., 2018). Greater stability was achieved when analysing 3-factor
solutions with varying FPEAK values. During the analysis, seed runs and PMF with FPEAK solutions showed no
significant variation in the normalised scaled residuals parameter (Q / Qexp), with values close to 1. This is
reasonable given that PMF determines the solution by minimising this value (Reyeset al., 2016). The factorisation
strategy was entirely successfulin separatingthree different sources, each with distinct mass spectra and differing
time series. Consequently, 3-factor solutions emerged as the optimal number of sources, demonstrating the best
performance with the lowest residuals and Q/Qexp values close to 1. Furthermore, the obtained solution exhibited
the most favorable results, characterized by distinct diurnal trends and dissimilarities in time series and mass-to-
charge ratios among the factors.

3. Results and Discussion
3.1 Variations of organic, inorganic, and oil emissions
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Figure 2. The bar chart shows aerosol fractions where organic and sulphate species account for more than 80% of the
total aerosol mass.

Mass concentrations of organic and inorganic aerosols was 9.6 pg/m?3 on average forthe entire campaign. Organic
aerosols, with a significantly high fraction compared to the nearest sulphate with 15 % accounts forabout 70% of
the totalaerosols measured by AMS. Figure 2 shows aerosol fractionswhere organics accountfor about 70% of

4



196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223

224
225

226
227

228
229

the aerosol. The PMF analysis in this paper mainly focuseson the composition of the organic mass concentration.
Pprevious studies have shown that lubrication oilhasbeen detected inambientair nearrunways, and it may further
add to the total organic PM emissions due to aircraft engine operations (Timko et al., 2010b; Yu et al., 2010;
Fushimi et al., 2019; Ungeheuer et al., 2022). Aircraft plume measurements indicated that oil was found to
contribute 5% to 100% (Yu et al., 2012). The m/z 85 signal is a well-known oil signal in the AMS mass spectrum.
Ratio of m/z 85:71 is used as a marker for oil (Fig. 3). The ratio of 0.66 was used as a benchmark for oil
contribution (Yu etal., 2012). A value less than 0.66 can be considered oil-free organic PM and conversely, any
value larger than 0.66 indicates the presence of lubrication oil. However, based on the AMS measurements during
AVIATOR autumn campaign, lubrication oil accounted only up to 5% of the total aerosol mass, which is
significantly less compared to the measurementsof Yuetal. (2012). There are three probable explanationson the
deficiency of AMS to detect oil precursors: (i) the oil particles are too small in diameter for AMS to detect, (ii)
complete pyrolysis of the oil in the engine combustion zone forming carbon monoxide (CO) and carbon dioxide
(CO2) ( Smith et al., 2022) or (iii) oil particles contribute to an insignificant amount (by mass) of organic massin
engine exhaust therefore are not detected. Additionalinformation on howthe lubrication oil ratio,as measured by
AMS, varies with wind speed and direction, is provided in the supplementary material (Fig.S4). During the
AVIATOR autumn campaign, measuringoil was challenging due to the prevalent urban background. A "little oil"
region was identified at low to moderate wind speeds (2~5 m/s) originating from the southwest, encompassing
terminal buildings (T1, T2, T3, T4, and TS4), two runways (14R/32L and 18R/36L), and a hangar zone. In
contrast, a region "unlikely to contain oil* was noted when winds came from the northeast of the airport, near
runways 18L/36R, with relatively higher wind speeds (above 5 m/s). Furthermore, Fig.S5 displays the daily
lubrication oil ratio throughout the sampling period, pinpointing Sunday, October 16th, asthe only day when the
lubrication oil ratio surpassed 0.66. On other days, the ratio suggested a minimal likelihood of oil presence. An
hourly analysis within Fig.S5 reveals thatthe lubrication oil ratio exceeded 0.66 only at20:00, aligning with the
evening peak in PM2 s concentrations Fig.S3. This suggests a significant influence of urban background aerosok
on the lubrication oil measurements. Since PMF analysis is based on the organic masses measured via AMS,
lubrication oil is notidentified asa determinant and there is no oil organic mass profile reported in previous studies
and here (Ulbrich et al., 2009). PMF has been proven inefficient at detecting such levels (Ulbrich etal., 2009),
therefore, oil contribution to the organic mass may be under-represented in this study.

Contains little oil (<5%)

Oil marker ratio miz 85.71

0.4 94 Unlikely to contain oil r

0.3+ —
T T T T T T T T
Oct 10 Oct 12 Oct 14 Oct 16 Oct 18 Oct 20 Oct 22 Oct 24

Date

Figure 3. Temporal variability of lubrication oil fraction in total aerosol mass obtained from AMS measurements.
The ratio of m/z 85/71 was used as the mass marker to identify lubrication oil. The analysis showed that no oil or very
little (<5%b) oil fraction was detected.

3.2 PMF Analysis
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Figure 4. The mass spectral fingerprint of the three factors from the PMF solutions. Less Oxidised Oxygenated
Organic Aerosol (LO-OOA), Alkane Organic Aerosol (AlkOA), and More Oxidised Oxygenated Organic Aerosol
(MO-0O0A), which can be indicative of secondary aerosols. Selected mass markers with a relative intensity higher

than 0.01 are numbered.

The PMF analysis in this study aims to provide relative contribution of the sources of aerosols near runway. In
addition to determining the diurnal pattern of the obtained factors during the autumn campaign, PMF solutions
were used to investigate how meteorology affects airborne particulate pollution. During AVIATOR autumn
campaign at Madrid-Barajas International Airport three sources were identified via PMF (Fig. 4 shows the results
of the PMF analysis, the massspectral fingerprint). The first factorin Fig.4, LO-OOA, standsfor Less Oxidised
Oxygenated Organic Aerosol. Itis atype of secondary organic aerosol (SOA) characterized by its low degree of
oxidation. LO-OOA are formed in the atmosphere through the oxidation of volatile organic compounds (VOCs),
which can originate from a variety of anthropogenic sources. Inthis analysis LO-OOA shows the presence of an
aromatic marker at m/z 115, a marker used for identifying indene (CoHs) ion in previous studies focusing on
aviation emissions (Timko etal., 2014; Smith et al., 2022). LO-OOA is associated with aromatic fragments at m/z
77,91, 105, 115 and presents a high relative intensity (0.13) at m/z 43 (characteristic of LO-OOA) and a lower
relative intensity (<0.04) atm/z 91 which is related to toluene ion (C7H7) (Smith etal., 2022). Ambient temperature
plays a crucial role in influencing the LO-OOA factor, displaying significant diurnal fluctuations. The lowest
concentrationsof LO-OOA are recorded at midday, coinciding with the peak in ambienttemperatures (Fig. 5). A
prior PMF analysis of organic particulate matter from aircraft emissions revealed a significant aromatic factor
within the organic PM, characterized by elevated signals at m/z 77,91, 105, 115, 128 (Timko et al., 2014). The
aromatic factoridentified by Timko et al. (2014) was found to dominate the organic PM emissions from turbojet
engines at low-thrust settings. It was associated with the products of incomplete combustion and exhibited high
variability, which varied with engine power settings (the sum of signals in the factordecreased asengine power
increased). Another study by Smith et al. (2022), investigated the chemical composition of organic aerosols
emitted by gas turbines and identified a Semi-Volatile Oxygenated Organic Aerosol (SV-OOA) factor, which
forms through oxidative processes near the engine exit. A strong correlation (R = 0.91) and similarity in mass
spectra between the LO-OOA in this study and the SV-OOA described by Smith et al. (2022) were observed.
Owing to the absence of volatility measurementsduring this period and the limited time for aging (no more than
a few minutes), we consider the LO-OOA factorin our analysisto be the mostaccurate estimate available, rather
than the SV-OOA as suggested by Smith et al. (2022). The second factor, identified based on the PMF analysis
of Madrid airport sample, is Alkane Organic Aerosol (AlkOA) factor. It is associated with unburned fuel and
emissions from incomplete combustion, exhibiting high relative intensities at m/z 43, 57, and 85, indicative of
decane (C1oHz22),a common alkane in jet fuel. Given that mass spectral fingerprint of decane is similar to the other
aliphatic hydrocarbons (e.g., long-chain alkanes) found in Jet Al fuel, asreported by Yu et al. (2012) and Smith et
al. (2022). AIKOA factorreferred here asa markerto identify emissions originating from unburnt fuel/incomplete
fuel combustion products. Previously, primary aliphatic factorwas found in PMF analysis by Timko et al. (2014)
and was characterized by increased signals at masses such as 41/43,55/57, 69/71, 83/85. Each of these masses
correspond to an alkane. The primary aliphatic factor in Timko et al. (2014) study was strongly correlated with
black carbon soot emissions under high-power conditions. The strong association between the primary aliphatic
factor and soot emissions suggests they originate from similar combustion processes. Timko et al. (2014)
concluded thatthe primary aliphatic factoris derived from combustion related sources and can potentially contain
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significant amounts of unburnt jet fuel. Additionally, a strong positive linear correlation was observed between
the AIKOA factor identified in this study and the decane factor from NIST webbook (R=0.83) (NIST Mass
Spectrometry Data Center, 1990), as well as between the AIkOA factor determined here and the AIKOA factor
reported by Smith et al. (2022) (R=0.93). The positive linear correlation amongthese three factors suggests they
are indicative of similar primary pollutants derived from fuel vapours or incomplete combustion products
associated with jet fuel. Results are consistent with previous findings of another study (Smithet al., 2022). The
third factor, More Oxidised Oxygenated Organic Aerosol (MO-OOA), is a type of secondary organic aerosol
(SOA) thatcanform from various origins and processes, such asphotochemicalprocessing of aged SOA and the
regional-scale transport of chemical reactions. MO-OOA hasa spectral fingerprint that consists of more oxidised
ions (compared to LO-OOA and AIkOA), indicating a secondary aerosol fraction in the sample. MO-OOA is
characterized by its notably high relative intensities (>0.18) at m/z 29 and 44, which serve as markers for its
identification. Given that MO-OOA hasthe highest f44/43 ratio amongthe three factors, it is expected to be the
most oxygenated (in terms of chemical content) factor. Being more oxidised potentially makes MO-OOA less
volatile than LO-OOA (Jimenez et al., 2009; Smith etal., 2022). MO-OOA in this analysis indicates the formation
of aged secondary organic aerosols with no significant diurnal variation (Fig. 5), often associated with air masses
transported from polluted regions. Other sources may have been included in one or both factor solutions,
consequently, this does not rule out the possibility of their existence.

3.3 The temporal distribution of factors and correlation with trace gases
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Figure 5. Diurnal pattern of the solved factors from October 8, 2021 to October 23, 2021. Compared to LO-OOA and
AlkOA; MO-OOA has the smallest variation in its diurnal pattern.

Average hourly concentrations of the PMF determined factorswere calculated to monitor the diurnal variation of
the source contributions. The variation of the AIKOA concentration during the day mostly associated with aircraft
emissions (Fig. 5). The concentration of AIKOA factor is relatively higher in the afternoon compared to the
morning and midday. The pattern of diurnal AlkOA closely resembles that of diurnal flight activities, suggesting
thatthe surge in AIKOA levels beginning atnoon is linked to primary particles released by aircraft. Further details
on daily aircraftactivities can be found in the supplementary material (Fig. S2). This source hasbeen previously
reported asthe main determinant of the air quality in the vicinity of the airport (Masiol and Harrison, 2014). The
LO-OOA factor likely represents fresh secondary organic aerosols (SOA), demonstrating high variability and
sensitivity to ambient temperature fluctuations. The concentration of LO-OOA is at its lowest when daytime
temperatures peak. LO-OOA may contain urban contributions and potentially effected by background urban
pollution from Madrid. The observed reduction in LO-OOA factor during the afternoon can be attributed to
dilution effectsresulting from the rise in boundary layer height, along with the potentialevaporation of LO-OOA
particles due to increased ambient temperatures. This is supported by the variance in background particulate matter
concentrations located south of the airport compared to those at the sampling point, approximately 6 km apart, as
illustrated in Fig. S3. (Fig. S3) reveals that PM2 s levels at both locations experience significant increases during
morning and evening rush hours, with the sampling point consistently showing higher concentrations than the
background location. The diurnal pattern of the background location demonstrates a rapid decrease in PM 2 5 levek
in the afternoon, unlike the measurements at the sampling point. Additionally, there is a noticeable lag of about
an hour between the peak concentrations at the sampling point and those in the background, suggesting the
influence of additional combustion sources of PM2 s, notably aviation-related activities, particularly during periods
of increased airport traffic. Unlike other factors, MO-OOA shows no significant diurnal variation, indication the
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formation of aged secondary organic aerosols, often a result of atmospheric transport (Zhang et al., 2007). At
Madrid-Barajas Airport, AIKOA exhibited moderate correlations with eBC, NOx, SOz, and CO, as evidenced by
the linear correlation coefficients listed in Table 1 (R=0.56, R =0.52, R =0.53, and R =0.52). In contrast, the
correlation of these trace gases and both LO-OOA and MO-OOA is lower compared to AIKOA, with R values
ranging from 0.2 to 0.5, asshown in (Table 1). The slightly higher correlation of AIkOA with BC, NOx, SO and
CO (R > 0.5) relative to LO-OOA and MO-OOA can be attributed to AIKOA being a primary pollutant, emitted
directly from the source. Conversely, LO-OOA and MO-OOA are believed to be secondary pollutants, formed
through the processes of condensation and coagulation of primary pollutants. Additionally, the diurnal trends of
BC, NOx, SOz and CO can be significantly affected by meteorological conditions (e.g., wind speed, temperature)
(Carslaw et al., 2006; Reyes et al., 2018). This influence accounts for their moderate correlation with AIKOA,
with R valuesbetween 0.52 and 0.56,as detailed in Table 1. AIkOA and trace gases were normalised to facilitate
comparison of their diurnal patterns, thereby enhancing understanding of their relative contributions and
identifying trends among these pollutants. Normalising is accomplished by dividing the concentrations of the
pollutantsby their average value. Figure 6 shows diurnal patterns of AIKOA factor,eBC, NOx, CO, and particle
numberconcentration. The daily trend of eBC, NOx and CO are mostly similar, with very pronounced increases
in concentrations during the morning and evening rush hours. The average concentrationswere 1.07 pg/m3, 22.7
pg/m3and 0.23 mg/m3 for eBC, NOx and CO respectively (Table S1). AIKOA gradually increases during the
morning, with multiple minorpeaksobserved inthe morning hours. The average concentration of AIkOA is higher
at night than during the day. This increase is potentially related to daily aircraft activities. AIkOA began to
increase, reaching a maximum duringthe afternoon rush hour from 12:00-18:00. a second rapid increase occurred
around 20:00, potentially caused by an increase in the number of flights at this time (Fig. S2). Early morning
AIKOA concentrationsare significantly lower comparedto those of eBC, NOx and CO. This difference could be
attributed to reduced emissions resulting from decreased aircraftactivities in early mornings (Fig. S2). Therise in
trace gases and eBC observed in the early morning hours could originate from various airport operations. Such
operations might encompassemissions from auxiliary power units, vehicle traffic,and the use of ground service
equipmentattheairport (Masioland Harrison, 2014). The totalnumber concentration exhibited a temporal pattem
similar to that of AIKOA from 15:00-21:00. Likewise, the temporalprofiles of AIkOA and trace gases were similar
during the afternoon period (17:00-21:00). This similarity in temporalprofiles suggests common source origins,
which may be temporally associated with aircraft activity or the influence of background urban pollution.

Table 1 Results of linear regression analysis between obtained factors (LO-OOA, AIKOA, and MO-OOA) and
external tracers.

eBC NOx SO2 CO THC PM25 | TotNo.conc | CO2

(ng/me) | (Mg/m®) | (Hg/m?) | (mg/m?) | (mg/m®) | (ug/m?) | (particles/cm®) | (ppm)
LO-O0A 0.49 0.28 0.21 0.32 0.63 0.36 -0.08 0.24
AlKOA 0.56 0.52 0.53 0.52 0.35 0.66 0.4 0.35
MO-0O0A 0.48 0.36 0.26 0.45 0.41 0.55 0.1 0.22
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364
365 Figure 7. Bivariate polar plots for LO-OOA, AIKOA, and MO-0OOA (ng/m®). The highest concentrations were
366 measured when the winds were originated from the west and southwest. Runways 18R/36L and 14R/32L located at
367 western and eastern sides of the measurement station and the hanger zone with terminals T1, T2, T3, T4, and TS4
368 are located at the south and southwest of the measurement site (Fig. 1).
369
370 Varying sources can be discriminated by means of bivariate polar plots techniques (Carslaw and Ropkins, 2012).
371 Figure 7 illustrates the impact of airport activities on the average concentrations of factors (LO-OOA, AlkOA and
372 MO-OO0A) asdetermined by PMF. The highest concentrations of AIKOA and MO-OOA were observed at low to
373 moderate wind speeds (3~5 m/s) coming from the west and southwest (R=-0.35 and R=-0.42, respectively), near
374 the terminalbuildings (T1, T2, T3, T4 and TS4), two of the runways (14R/32L and 18R/36L ), and a nearby hanger
375 zone. The mostsignificant contributionsof LO-OOA occur atwind speeds below 2 m/s, with a correlation of R=
376 -0.45. At such low wind speeds (< 2 m/s), LO-OOA and MO-OOA are more likely to be mixed and influenced
377 by a nearby source (Crilley et al., 2015; Helin et al., 2018). By contrast, the minimum significant contribution
378 from all factors was observed when the winds originated from the northeast of the airport, accompanied by
379 relatively higher wind speeds (above 4 m/s). Thus, based on the polar plots shown in Fig. 7, emissions from the
380 terminal buildings and hanger zone located at the southwest of the measurement station are the majorsources of
381 totalorganic particle concentrationsat the measurement station. The average contributions of LO-OOA, AlkOA,
382 and MO-OOA were 1.63, 0.63, and 2.35 ug/m3, respectively (Table S1). During the AVIATOR campaign in
383 October 2021, LO-OOA and MO-OO0A constituted more than 80% of the total organic mass. Based on thestrength
384 of the relationship outlined in Table 1 between derived factorsand externaltracers, the linear correlations (Pearson
385 correlation) between (i) AIKOA with eBC and (ii) LO-OOA with THC were measured under varying wind speed
386 and directions, asillustrated in (Fig. 8). The relative contributions of the AIKOA and LO-OOA were higher with
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winds originating from southwest of the airport, compared to when winds carried air parcels to the sampling point
from the northeast, asdiscussed. However, the correlation coefficient for these factors varies significantly, ranging
from 0.2t0 0.9, forall samples collected from various directions within the airport perimeter. For instance, AlkOA
exhibits a strong linear correlation with eBC (Pearson coefficient higher than 0.9) when winds originate from the
west, east, or northeast, as illustrated in Fig. 8. This correlation is attributed to the impact of runways 18L/36R
and 18R/36L,which aresituated to the east and west of the measurement site, respectively, as depicted in Fig. 1,
where 90% of aircraft take-offsoccur. Both AIKOA and eBC are related to jet fuel emissions, asthey are directly
emitted by aircraftengines asa result of fuel combustion.eBC emissions are a function of engine power settings,
reaching their maximum at full thrust during take-off (Kinsey et al. 2011; Hu et al., 2009). Furthermore, a
significant linear correlation was measured between LO-OOA and THC when dominant winds were north
easterlies (the air parcels move from runways 18L/36R to the sampling station). THC emissions at airports
primarily dependent on the jet engine thrust setting (Anderson et al., 2006; Onasch et al., 2009). When engines
operate at low thrust settings (e.g., during landing, taxiing, idling), combustion is less efficient, leading to the
emission of higher amountsof hydrocarbons. The association between LO-OOA and THC in certain areas of the
airport can be interpreted as indicative of fresh emissions from aircraft in service.
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Figure 8. A Pearson correlation analysis using bivariate polar plots (above) shows a significant positive linear
correlation between AIkOA with eBC and LO-OOA with THC mass concentrations when prevailing winds were
northeast. (The location of runways 18L/36R).

NOx emitted by aircraft can potentially affectairquality up to 2.6 km away from the airport (Carslaw etal., 2006).
However, accurately determining the airport’s contribution to local NOx concentrations presents challenges due
to other predominantly mobile sources of NOx in urban areas. In this study, the potential contribution of road
traffic surrounding the airport, particularly from the motorways located to the south and southwest, originates
from the same direction asrunway 14R/32L and all the terminals. Therefore, NOx contributions were higher from
the south and southwest of the airport (including local on-road NOx) compared to the those from the northeast.
The lowest NOx concentrations were measured under moderate wind speed conditions (above 4 m/s), asshown in
Fig. S1. This is possibly due to atmospheric mixingand plume dilution caused by advection (Carslawetal., 2006),
given that ground-level source emissions are inversely proportional to wind speed. During this campaign, the
AENA (REDAIR) station located at the airport provided measurements of sulphur dioxide (SO2) and carbon
monoxide (CO) (Fig. S1). Aviation activities have previously been reported asa significant source of gaseousand
vapour-phase pollutants, such as SOz, CO and NOx (Masiol and Harrison, 2014). In the same vein, mobile sources,
such as vehicle exhaust, generally contribute to the increase in CO and NOx levels, as motor vehicle emissions
are thedominantsourcesof CO and NOx emissions in urbanareas (Yu et al., 2004). Given that Barajasairportis
situated near Madrid and significantly influenced by externalsources, particularly traffic on the southwest side of
theairport, it experiences considerable environmentalimpact. Therefore, the ratios of SO2/NOx and CO/eBC were
used in this analysis as indicators of the relative emission strengths associated with aircraft movements. The
SO2/NOx ratio would increase in the case of aviation emissions compared to traffic emissions, since NOx emissions
from aircraft are difficult to distinguish due to the major influence of other sources (Yu et al., 2004; Carslaw et
al., 2006). Consequently, in situations where there are substantiallevels of NOx emissions, the SO2/NOx ratio will
be low due to the impact of on-road vehicles emissions. This enables the identification of aircraft’s relative
contribution at the airport, as shown in Fig.9. The analysis of the SO2/NOx and CO/eBC concentration ratios at
Madrid-Barajas Airport in October2021variesbased on wind direction and speed. The bivariate polar plots shown
in Fig. 9 indicate higher SO2/NOx and CO/eBC ratios were measured when dominant winds originating from the
northeast of the airport, where there was minimal or no contribution from road traffic. The higher SO2/NOx and
CO/eBC ratios suggest the potential impact of aircraft taxing and taking off on local ambient SO2 and CO
concentrations, particularly when winds originate from northeast, where the 18L/36R runways are located. SO
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emissions are primarily associated with the sulphur content of the fuel and emissions from aircraft activitiesat the
airport, such asapproach, taxi-idle and climb. As a result, SO, playsa significant role in tracing aircraft emissions
ata local scale (Yang et al., 2018). Black carbon (eBC) and carbon monoxide (CO) are primarily produced by
incomplete or inefficient combustion. Around the airport perimeter, aircraft are a significant contributor to CO
emissions. Therefore, it’s possible for aircraft engines to emit more CO compared to emissions from road traffic,
due to the duration spent at the airport in taxiing /idling mode (Yu et al., 2004; Zhu et al., 2011). The CO/eBC
ratio significantly varies with the source (Bond et al., 2004), indicating the presence of different emission sources
in the vicinity of the airport, as previously reported. The highest levels of CO from aircraft are emitted at low
engine power settings, such as during taxiing and idling. This significantly impactsair quality within the airport
perimeter, as idle and taxi phases constitute the majority of the time an aircraft spends at the airport (Stettler et
al., 2011; Yunos et al., 2017). Higher CO/eBC ratio in air parcels originating from the northeast can also be
attributed to aircraft activity on runways 18L/36R, which is located northeast of the measurement station.
Conversely, SO2 /NOx and CO/eBC ratios were lower (ranging from 0 to 0.4) when winds originated from the
southwest, due to significant sources of NOx and eBC in this direction, such as nearby road traffic. Based on the
polar plots shown in Fig. 9, anaircraft SO, and CO signal is identified to the eastand northeast, distinct from the
wind-dependant NOx pattern. Further details regarding the daily variation of meteorological parameters and trace
gases during the sampling period are available in the supplementary material (Fig. S1).
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Figure 9. Bivariate polar plots of SO2 /NOx and CO/eBC ratios at the airport. The angular contributions of SO, and
CO is different compared to the PMF determined factors. The plots indicates that the flight activities at the east and
northeast where the 18L/36R runway is located are the source of increase in SO, and CO.

4. Conclusion

This study identified the impact of an international airport on the local air quality. As part of the AVIATOR
campaign, several measurements were conducted at the Madrid—Barajas Airport, in October 2021 for monitoring
the chemical composition of sub-micron particles and ambient trace gas concentrations near runway. Assessing
the impact of Madrid—Barajas Airport emissions on local air quality is challenging because of the complex nature
of airport emissions and the strong influence from urban emissions. The proximity of the airport to urban areas,
majorhighways, roads, and terminal buildings (T1, T2, T3, T4 and TS4) further complicatesthe task, making it
difficult to clearly identify the specific contributions of aircraft emissions. However, aircraft emissions are
characterized by high levels of unburned hydrocarbons, SO2, CO and particulate black carbon (eBC) which are
more concentrated around the airport facilitiesand runways. Therefore, looking at elevated levels of these markers
might indicate a stronger influence from aviation-related activities, especially during times of high airport traffic.
Total non-refractory particles were dominated by organics (more than 72% of the total). Sulphate particles were
the second mostabundantchemical speciesand accounted forabout13% of the totalaerosol. Based on AMS data
(Ratio of m/z 85:71), no significant oil fraction in the organic particulate matter (PM) samples were measured.
This could indicate the absence of oil in sub-micron particle size range or due to the method used in this study
(AMS) is not able to identify lubricant oil in PM. Thus, further measurements with improved measurement
technique may be required to identify oil fraction in sub-micron organic aerosol. Trace gases were also monitored
along with the particle monitoring tools. Average ambient concentrationsof eBC, NOx, SOz, PM25, PM1p at the
airport during October 2021 were 1.07, 22.7,4.10, 9.35, and 16.43 (ug/m3), respectively. NOx contribution at the
sampling point was highest when the winds originating from south and southeast of the airport. There are two
motorways with road traffic are located at the same direction aswell asterminal buildings and southern runways.
Therefore, NOx concentrationswere more likely determined by on-road traffic compared to the aircraftactivity at
the sampling point. Sources of organic aerosols (as the most abundant non-refractory aerosol group) were
identified using Positive Matrix Factorisation (PMF) analysis. PMF wasable to discriminate three main significant
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sources: Less Oxidised Oxygenated Organic Aerosol (LO-OOA), Alkane Organic Aerosol (AIkOA), and More
Oxidised Oxygenated Organic Aerosol (MO OOA). The sum of LO-OOA and MO OOA fractionsaccountingfor
more than 80% of the total organic mass throughout the campaign, LO-OOA had the highest relative intensity
(RI) at m/z 43 (which is characteristic of LO-OOA), MO-OOA had a high Rl at m/z 28 and 44 these indicate a
potential secondary aerosol fraction. Third factor, AIKOA, had high Rlsatm/z 43,57 and 85 (attributed to decane
previously) which is related to jet fuelvapour (Smith etal., 2022). Bivariate polarplots were used to angular PMF
determined factorand ambient trace gas distributions based on wind speed and wind direction atthe airport. It has
been found that, the PMF determined factorshad highest relative contributions when the winds originating from
the west and southwest of the airport where runways 14R/32Land 18R/36L,aswell asterminals T1, T2, T3, T4
and TS4, are located. The SO2/NOx and CO/eBC ratio have been shown to represent a useful tool for assessing
relative emission strength associated with aircraft movements. Take-off activities at the northeast of the
measurement station were identified as a potential local source of SOz and CO in Barajas-Madrid. Angular
correlation analysis based on wind direction and speed indicated that eBC and THC emissions are potentially
determined by aircraft take off activities at 18L/36R runway located along the east and northeast of the sampling
point where more than 50% of the take-off activity took place in the sampling period.

There are two previously reported significant ways to reduce aviation emissions atairports, improving efficiency
of the processes emitting air pollutantssuch as electrification of airport taxiway operations (Salihu et al., 2021),
and switching to sustainable alternative fuels where applicable. Improved ground activities at airports such as
electric aircraft towing system can potentially lead up to 82 % reduction in CO2 emissions (van Baaren, 2019),
while switching to SAF alone reduce Landing-takeoff cycle (LTO) emissions up to 70 % compared to fossil fuel
(Schripp et al., 2022). Further, SAF use for auxiliary power units (APU) also potentially reduce NOx and CO,
emissions by at least 5%. Therefore, improving energy efficiency of ground activities atairports and using SAF
are recommended for policymakers to improve the overall air quality at airports.
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