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Abstract. The current improvements in aerosol mass spec-
trometers in resolution and sensitivity, and the analytical
tools for mass spectra deconvolution, have enabled the in-
depth analysis of ambient organic aerosol (OA) properties.
Although OA constitutes a major fraction of ambient aerosol,
its properties are determined to a great extent by the mix-
ing characteristics of both organic and inorganic components
of ambient aerosol. This work applies a new methodology
to a year-long ACSM dataset to assess the sources of or-
ganic and total non-refractory species in the Athens back-
ground aerosol and provides insights into the interactions
between organic and inorganic species. The use of innova-
tive tools for applying positive matrix factorization (PMF,
rolling window) enables the study of the temporal variability
of the contribution of these sources and seasonal changes in
their composition. The mass spectra of both organic and inor-
ganic aerosol were obtained by a time-of-flight aerosol mass
spectrometer (ToF-ACSM) for PMF analysis. The results re-
vealed five factors when organic aerosol was analysed sepa-
rately. Three of them were primary OA factors: hydrocarbon-
like organic aerosol (HOA), cooking-related organic aerosol
(COA) and biomass burning organic aerosol (BBOA). The
remaining two were secondary, less and more oxidized oxy-
genated organic aerosol (LO-OOA and MO-OOA respec-
tively). The relative contributions of these factors were HOA
15 %, COA 18 %, BBOA 9 %, MO-OOA 34 % and LO-OOA
24 % (yearly averaged). When a combined organic and in-

organic aerosol matrix was analysed, two additional factors
were identified that were mainly composed of ammonium
sulfate (83.5 %) and ammonium nitrate (73 %). Moreover,
two secondary factors were resolved, containing both organ-
ics and inorganics and were named more (MOA) and less ox-
idized aerosol (LOA). The relative contributions on a yearly
average of these factors were HOA 7 %, COA 9 %, BBOA
3 %, ammonium nitrate 3 %, ammonium sulfate 28 %, MOA
24 % and LOA 26 %.

1 Introduction

The adverse effects of atmospheric aerosols on human health
and the environment have been addressed by many studies
(Ramanathan and Feng, 2009; Wilson and Suh, 1997; Pope,
2000; Jacobson, 2001). Particulate air pollution is one of the
most important causes of respiratory diseases (Dominici et
al., 2006; Medina-Ramón et al., 2006). Apart from the neg-
ative consequences on human health, atmospheric aerosol
may also be considered responsible for direct and indirect ef-
fects on climate. Ambient aerosols are mixtures of different
chemical components that may cause both light absorption
and scattering. For example, black carbon can absorb light at
all wavelengths, brown carbon absorbs ultraviolet and visi-
ble radiation (Moosmüller et al., 2009), and organic aerosol
(except for brown carbon), nitrate and sulfate particles are
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responsible mainly for light scattering (Cabada, 2004). Ad-
ditionally, aerosol particles can act as cloud condensation nu-
clei (CCN) particles affecting cloud microstructure and life-
time (Rosenfeld et al., 2008). The overall effect of aerosols
on climate and the aerosol–cloud interaction remains highly
uncertain. Therefore, it has become essential to study ambi-
ent aerosol’s physical and chemical properties thoroughly.

The organic fraction comprises 20 %–90 % of ambient
fine aerosols (Kanakidou et al., 2005; Chen et al., 2022).
Depending on their origin and formation process, the or-
ganic aerosols can be categorized as either primary (POA)
or secondary (SOA) organic aerosols. They are considered
primary when they are directly emitted from a source, ei-
ther anthropogenic or natural. Secondary organic aerosols
are the organic aerosols that are generally formed through
the oxidation of volatile organic compounds (VOCs). VOCs
quickly react with oxidants, such as hydroxyl radical (OH−),
ozone (O3) and NO−3 radical, to form semi-volatile and low-
volatility organic vapours (Robinson et al., 2007), which then
condense onto pre-existing aerosol forming secondary or-
ganic aerosols (SOAs). SOAs can stay airborne in the at-
mosphere long enough to undergo continuous oxidation and
growth via coagulation and gas-to-particle condensation.

Inorganic species also comprise a significant fraction of
atmospheric particulate matter. Secondary sulfates are found
in the atmosphere mainly in the form of (NH4)2SO4 and
NH4HSO4, after the neutralization of sulfuric acid by ammo-
nia (Biggins and Harrison, 1979). Ambient ammonium ni-
trate is formed through the oxidation of anthropogenic NOx
emissions (NO and NO2) to nitric acid (HNO3), which even-
tually reacts with ammonia (NH3) (Stelson et al., 1979). Am-
monia is emitted into the atmosphere from different sources
and processes, such as biomass burning, vehicle emissions,
livestock emissions, the use of NH3-based fertilizers and pes-
ticides in agriculture, etc. (Behera et al., 2013; Schlesinger
and Hartley, 1992). Chloride-containing particles are also re-
leased into the atmosphere during biomass combustion or are
found in the form of NH4Cl (Lobert et al., 1999).

Over the years, mass spectrometry instruments have
gained more reliability since their time resolution, sensitiv-
ity and selectiveness have improved, making them powerful
tools for on-line and real-time chemical characterization of
ambient aerosol. The time-of-flight aerosol chemical specia-
tion monitor (ToF-ACSM) is a descendant instrument of the
aerosol mass spectrometer (AMS), which enables the real-
time quantification and chemical characterization of the non-
refractory PM1 (particulate matter < 1 µm) species (species
that rapidly vaporize at 600 ◦C under vacuum conditions): or-
ganic, sulfate, nitrate, ammonium and chloride (Fröhlich et
al., 2013). The application of different source apportionment
(SA) techniques (e.g. positive matrix factorization) to the de-
rived mass spectra has enabled the in-depth investigation of
the sources and formation processes of organic aerosols (Ul-
brich et al., 2009; Crippa et al., 2014; Zhang et al., 2019).

Previous studies on particulate matter source apportion-
ment in Greece have mainly focused on inorganic datasets
(Karanasiou et al., 2009; Argyropoulos et al., 2017; Diapouli
et al., 2017a; Manousakas et al., 2017a, b, 2020, 2021),
while only a few of them focused on measurements of the
organic fraction measured by aerosol mass spectrometers
(AMS/ACSM) (Stavroulas et al., 2019; Florou et al., 2017;
Kostenidou et al., 2015). SA of organic aerosol is typically
performed using the positive matrix factorization (PMF) al-
gorithm. One of the latest advances in source apportionment
modelling is the rolling window technique (Parworth et al.,
2015; Canonaco et al., 2021; Chen et al., 2021; Tobler et al.,
2021) that is based on the modelling of a moving period of
the initial dataset at each iteration. This technique has been
found useful in order to examine the temporal variation in the
identified factors and especially for the oxygenated organic
aerosols, whose chemical fingerprint can vary in time. A few
studies have included in source apportionment schemes both
the organic fraction and the inorganics from mass spectro-
metric instruments (Sun et al., 2012; McGuire et al., 2014;
Hao et al., 2014; Äijälä et al., 2019). All of these studies
revealed that the inclusion of inorganics in SA studies im-
proves both the solution obtained and the understanding of
atmospheric processes and mixing between species. Long-
term source apportionment studies on organic aerosols in re-
cent years have covered a wide range of sites. Nevertheless, a
long period of combined organic and inorganic source appor-
tionment study spanning a period of a year has not yet been
published, leaving a gap in the comprehension of ambient
aerosol sources, formation processes and mixing state.

This study is the first one to present the results of two
PMF analyses, one on the organic fraction and another on
the combined organic and inorganic 1-year-long dataset of
a ToF-ACSM. A comparison between the two solutions was
performed, and the mixing state of organics and inorganics
in different seasons was investigated. The validity of the re-
trieved factors from both analyses was assessed based on the
model residuals, the statistical uncertainty of each one of the
retrieved solutions and their correlation with specific external
data.

2 Methods and instrumentation

2.1 Measurement site

Measurements were performed at the Demokritos station
(DEM), a member of the Global Atmosphere Watch pro-
gram (GAW) and part of the Aerosol, Clouds, and Trace
Gases Research Infrastructure (ACTRIS) and the PANhel-
lenic infrastructure for Atmospheric Composition and cli-
matE chAnge (PANACEA) (37.995◦ N, 23.816◦ E), at 270 m
above sea level (a.s.l.) (Eleftheriadis et al., 2021). The station
is located within the National Centre for Scientific Research
(NCSR) “Demokritos” campus, a vegetated area at the foot
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of Mount Hymettus, about 8 km to the northeast of Athens’
city centre (Fig. 1). The measurement site can be considered
representative of the atmospheric aerosol in the suburbs of
the Athens Metropolitan Area, since during the day it is ex-
posed to pollution transported from the urban area of Athens
under most atmospheric conditions (western wind direction),
whereas it is also occasionally influenced by incoming re-
gional aerosol.

2.2 Instrumentation

Measurements of mass concentrations of non-refractory
species (NRS) of PM1 (i.e. organic; sulfate, SO2−

4 ; nitrate,
NO−3 ; ammonium, NH+4 ; chloride, Cl−) were performed
from November 2017 to October 2018 by a time-of-flight
aerosol chemical speciation monitor (ToF-ACSM) (Aero-
dyne Research Inc., Billerica, MA, USA). The ToF-ACSM
was operated with a time resolution of 10 min, and the data
were afterward averaged to 30 min. The 10 min detection
limit for each species measured with the ToF-ACSM is 0.062
for organics, 0.006 for SO2−

4 , 0.007 for NO−3 , 0.058 for NH+4
and 0.003 for Cl− (Fröhlich et al., 2013). A detailed descrip-
tion of the instrument’s main components and the principle of
operation is given by Fröhlich et al. (2013). In short, the in-
strument sampled dried (RH< 40 % with a Nafion drier) am-
bient aerosol through a PM2.5 virtual impactor. The aerosol
entered the instrument through the inlet system which con-
sists of an automatic three-way valve switching system (i.e.
a filter was interposed, every 20 s, into the flow of ambient
air to the instrument to measure the background signal), a
critical orifice (i.e. sample flow 85 mL min−1) and an aero-
dynamic lens. The aerodynamic lens focuses the submicron
aerosol particles in a narrow beam into the vacuum chamber,
at the end of which the particles impact on a heated (600 ◦C)
tungsten plate. The non-refractory species are flash vaporized
on the plate and subsequently ionized by electron impact (EI)
at 70 eV and detected, according to their mass-to-charge ra-
tios, by the Tofwerk time-of-flight mass analyser (ETOF).

The relative ionization efficiencies (RIEs) used for organ-
ics, NO−3 and Cl− were 1.4, 1.1 and 1.3 respectively (Fröh-
lich et al., 2013), while the RIE values for SO2−

4 and NH+4
were found after calibration to be 1.2 and 3.4 respectively.
Additionally, a collection efficiency (CE) correction factor
was applied to all ACSM data, to compensate for particle
losses during their collection. The collection efficiency cho-
sen depends on three parameters (Middlebrook et al., 2012):
firstly, on the particulate water content. To account for that,
a Nafion drier was placed in the inlet line. CE also depends
on the ammonium nitrate fraction of the aerosol (ANMF),
which was calculated to be lower than 0.4 for 99.9 % of the
data, indicating that a constant CE value of 0.5 should be
optimum. Finally, it depends on the acidity of the aerosol.
Based on that, the CE was calculated to be 0.52 for NDJF,
0.49 for MAM, 0.55 for JJA and 0.56 for SO, while for the
yearlong period it was 0.52. Therefore, the constant value of

0.5 was selected, and this small variability should not affect
the solution given also that the overall uncertainty for CE is
30 % (Bahreini et al., 2009).

The equivalent black carbon (eBC) mass concentrations
were also measured by an Aethalometer AE33 (Magee Sci-
entific Corp., Berkeley, CA 94703, USA). The AE33 pro-
vides a real-time compensation for multiple scattering in the
filter matrix and loading effects using the DualSpot Technol-
ogy (Drinovec et al., 2015). The light absorption coefficients
and the respective eBC concentrations (using an appropriate
mass absorption cross section number, MAC) at seven wave-
lengths (370, 470, 520, 590, 660, 880 and 950 nm) are pro-
vided by the instrument. In this study, the eBC concentrations
are reported at λ= 880 nm (Petzold et al., 2013), considering
a MAC number to convert absorption coefficient to eBC con-
centration equal to 4.6 m2 g−1 (Kalogridis et al., 2018). Ad-
ditionally, the contribution of wood burning and fossil fuel to
the total eBC mass concentrations can be found with applica-
tion of the Aethalometer model as described by Sandradewi
et al. (2008) and shown in Eqs. (1)–(3):
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where αff and αwb are the absorption Ångström exponents for
pure fossil fuel combustion and pure wood burning aerosol
respectively; babs(λUV) and babs(λIR) are the absorption co-
efficients measured at the UV (470 nm) and IR (950 nm)
wavelengths, and babs(λUV)wb and babs(λIR)wb as well as
babs(λUV)ff and babs(λIR)ff are the corresponding absorption
coefficients at these two wavelengths that are related to wood
burning (wb) and fossil fuel combustion (ff). According to
the earlier sensitivity study for our area, αff and αwb values
were found to be equal to 0.9 and 2 respectively (Diapouli et
al., 2017a; Kalogridis et al., 2018).

In addition, the elemental carbon (EC) and organic car-
bon (OC) mass concentrations were measured by the thermo-
optical transmittance method (OC /EC semi-continuous
field analyser, Sunset Lab, Inc.). The instrument collected
aerosol samples on a 3 h basis from a PM2.5 cut-off inlet and
a flow rate of 8 L m−1. The sampling inlet was equipped with
an activated carbon denuder for the removal of organic gases
from the air stream (Diapouli et al., 2017b). The sample anal-
ysis was performed applying the EUSAAR2 thermal proto-
col (Panteliadis et al., 2015). Moreover, a high-energy polar-
ization geometry energy-dispersive X-ray fluorescence spec-
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Figure 1. The Demokritos Atmospheric Aerosol Measurement station in Ag. Paraskevi, Athens, Greece, DEM (GAW, ACTRIS). The maps
were obtained from © Google Maps (http://maps.google.com, last access: 25 January 2022) imagery 2021 Terrametrics, Mapdata 2021 and
modified by the authors.

trometer (Epsilon 5 by PANAnalytical, Almelo) was used for
analysis on PM2.5 filters, which measured the following ele-
ments: Na, Mg, Al, Si, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Co,
Ni, Cu, Zn, Br, Sr and Pb (Manousakas et al., 2017b). Ni-
trogen oxides (NOx) and ozone (O3) measurements with a
1 h time resolution were obtained from the air quality mon-
itoring station of the Greek Ministry of Environment and
Energy air quality network located at the grounds of the
NCSR Demokritos campus. Standard meteorological param-
eters (T , solar radiation, RH, wind speed and wind direction)
were recorded at an hourly time interval. The meteorologi-
cal sensors were installed on a meteorological mast, at 10 m
height above ground.

2.3 Positive matrix factorization (PMF)

The data derived from the ToF-ACSM were analysed using
the Aerodyne software Tofware version 3.2. The concentra-
tion in nitrate-equivalent mass and the error matrices of each
species were exported from Tofware for further assessment
via the PMF model. The method was implemented within
the Source Finder Pro software package (SoFi Pro, Data-
lystica Ltd, Villigen, Switzerland) that uses the multilinear
engine ME-2 (Paatero, 1999) as a PMF solver (Canonaco et
al., 2021). PMF is a bilinear model used to describe a non-
negative matrix X using two factors (G and F), while there is
also a residual matrix (E) containing the data that could not
be described with G and F (Eq. 4):

X=GF+E. (4)

For our data, the matrix X is the mass spectra of organics or
total NRSs through time, G is the time series of each factor
and F is the matrix of the factors’ profile as described by
Eq. (4).

The aim of this model is to find the minimum of the quan-
tity Q, which is the sum of the square of the ratio of the resid-
uals (e) to the uncertainties (σ ) of all the X matrix data as

given by Eq. (5):

Qm
=

m∑
i=1

n∑
j=1

(
eij

σij

)2

, (5)

where m is the number of rows of F and n is the number
of columns of the matrix G. The minimization of this quan-
tity ensures that data points with low signal-to-noise ratio(
eij
σij
� 1

)
are taken less into consideration.

Partially constrained G and/or F matrix, or the a-value ap-
proach, is one of the techniques used in order to cope with
the model’s rotational ambiguity, which is the potential of F
and G matrices to rotate, thus giving a very high number of
solutions. The a value represents the value to which the so-
lution is supposed to vary from a reference value as shown in
Eqs. (6) and (7):

fj,solution = fj ± a · fj , (6)
gi,solution = gi ± a · gi, (7)

where fj and gi are rows and columns of the matrices F and
G respectively.

An important feature of the SoFi Pro software is that it
enables the user to apply specific or random a values to con-
strain the input profiles and/or time series with auxiliary ref-
erence data (Canonaco et al., 2013). Moreover, SoFi supports
the downweighting of the data for which the signal-to-noise
ratio is low, in order to minimize their effect on the solution.
In order to assess the statistical uncertainty resulting from
the changes in factor profiles, a resampling strategy is usu-
ally applied in PMF modelling, called bootstrapping (Efron,
2000). This uncertainty is estimated based on variations in
the obtained factor profiles coming after the rearrangement
of the original input that generates a new set of initial ma-
trices at each iteration. SoFi Pro includes the rolling window
technique that allows the user to track the variability of the
factors by applying a window with selected length (usually 7,
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14 or 28 d, depending on the size of the studied dataset) that
moves with a chosen step. Calculations are repeated in that
moving span, providing the temporal changes in both profile
and time series of the factors (Canonaco et al., 2021).

2.4 Wind air mass trajectory analysis

To investigate the potential location of NRS emission
sources, wind and air mass backward trajectory analysis was
performed. The wind analysis used the conditional probabil-
ity function (CPF) to provide directional information con-
cerning the major sources of NRS. The CPF calculates the
probability that in a particular wind sector and wind speed
interval, the concentration of a species is greater than some
specified value, which is usually expressed as a high per-
centile of the species of interest (e.g. 75th percentile). In the
present study, CPF analysis was performed by using the Ope-
nAir software (Carslaw and Ropkins, 2012). A wide range of
percentile values was examined to get a more complete in-
sight into the sources of each species and each factor.

To assess the potential influence of long-range trans-
port events to NRS concentrations, the air mass back-
ward trajectories were calculated using the NOAA Hybrid
Single-Particle Lagrangian Integrated Trajectory (HYSPLIT-
4) model (Draxler and Hess, 1998; Stein et al., 2015). The
120 h backward trajectories were computed every hour, at
a height level of 1000 m above ground level (a.g.l.) us-
ing the Global Data Assimilation System (GDAS) meteoro-
logical dataset and then further analysed using ZeFir v3.7
(Petit et al., 2017) for the identification of the potential
aerosol sources from the potential source contribution func-
tion (PSCF). The PSCF values can be interpreted as a con-
ditional probability describing the potential contribution of a
grid cell to the high air pollutant loadings at the receptor site.
Specifically, the basis of PSCF is that if a source is located at
(i,j ), an air parcel back trajectory passing through that loca-
tion indicates that material from the source can be collected
and transported along the trajectory to the receptor site. The
PSCF is calculated as shown in Eq. (8):

PSCF= nij/mij , (8)

where nij is the number of times that the trajectories passed
through the cell (i,j ) and mij is the number of times that a
source concentration was high when the trajectories passed
through the cell (i,j ). The criterion for determining mij is
based on the distribution of the measured values (i.e. 90th
percentile).

3 Source apportionment

3.1 Data analysis

In the present study, two different PMF analyses were per-
formed to apportion the sources of organic and inorganic

aerosol. The first analysis included only the mass spectra of
the organic aerosol (organic aerosol matrix), whereas in the
second analysis the mass spectra of organic and inorganic
aerosol (combined matrix) were combined for PMF analysis,
in order to investigate the sources of the total non-refractory
PM1 aerosol. In the following, profile refers to the mass spec-
trum of a given factor and variable refers to an individual
mass-to-charge ratio (m/z).

For the deconvolution of the sources of the total NRSs, the
organic and inorganic variables and error time series matri-
ces were exported from Tofware for each species separately
(org, SO2−

4 , NO−3 , NH+4 , Cl−) without applying RIEs or the
CE correction, with a time resolution of 10 min, which was
then averaged to 30 min. In order to create the combined ma-
trix, the variables of the inorganics that are characteristic for
each species were added to the organics matrix; these are
m/z 18, 32, 48, 64, 80, 81 and 98 for SO2−

4 ; m/z 30 and
46 for NO−3 ,;m/z 16 and 17 for NH+4 ; and m/z 35 and 36
for Cl−. The variables of inorganic species selected as rep-
resentative correlated perfectly with the respective species
(R2
≈ 1) and accounted for the major fraction of their total

mass concentration (> 76 %). The error values for each inor-
ganic variable were downweighted before PMF analysis by
a factor of

√
N (Ulbrich et al., 2009), where N is the num-

ber of ions of each species that are duplicate according to the
fragmentation table (Allan et al., 2004).

In order to correct the results from nitrate-equivalent to
real-mass concentrations, the RIEs and CE needed to be ap-
plied. This took place easily in the case of the organic ma-
trix, by dividing the respective variables with the CE (0.5)
and RIE of organics (1.4). In the case of the combined ma-
trix though, the factors contained more than one species, so
the application of the RIEs was more complicated. The time
series of each factor were decomposed to the time series of
all the variables that constitute each factor using SoFi. Then,
at each variable, the RIE of the respective species that this
variable belonged to was applied, as was the CE, and after-
wards the time series of these variables were added to form
the initial factor time series. After applying PMF analysis,
the mass concentration of each species was calculated based
on the contribution of the variables included in the initial ma-
trix to the total mass concentration of each species.

3.2 PMF analysis and factor identification

The first step for source apportionment was to perform PMF
analysis on the winter months (November–February) in or-
der to identify the number of factors. For this purpose, un-
constrained winter simulations took place examining a broad
number of sources (3–12 factors). To identify the optimum
number of factors, the slope of the Q/Qexp plot was ex-
amined, as well as the residuals of the diurnals and of the
factor profiles. This resulted in a five-factor solution for the
organic aerosol matrix and a seven-factor solution for the
combined matrix. As previously mentioned, the OA ma-
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trix was described by hydrocarbon-related OA (HOA), cook-
ing OA (COA), a biomass burning OA (BBOA) and two
secondary OAs (MO-OOA and LO-OOA). The combined
organic–inorganic matrix was best described with the same
primary factors, two secondary inorganic factors (ammonium
sulfate and ammonium nitrate) and two secondary aerosols
(MOA and LOA). The next step for both analyses was to
study each season separately, applying random a values from
0 to 0.5 to the constant profiles of the primary factors and en-
abling the bootstrap technique for 100 simulations in order to
assess the uncertainties and check the stability of the solution
obtained. Specific criteria were applied to the organic matrix
to select the environmentally reasonable solutions (Chen et
al., 2021), which are summarized in Table S1 in the Supple-
ment. Specifically, the correlation between HOA and eBCff
was used as a criterion for this factor, and for BBOA its cor-
relation with eBCwb was used as well as the variation of
m/z 60, 73 and 115 explained by this factor. A t test was
also used for these criteria, and a p value lower than 0.05 was
chosen; more details of the t test were introduced in the Sup-
plement of Chen et al. (2021). In the case of the COA factor,
the ratio of its concentration at lunchtime (14:00 local time)
over its concentration in the morning (average COA concen-
tration between 09:00 and 10:00 LT) was chosen to be larger
than 1. Concerning the SOAs, the fractions ofm/z 43 and 44
were monitored and set to be higher than 0.

PMF analysis was then conducted on a subset of data de-
fined by a small window of 14 d that was moved in 1 d incre-
ments across the entire dataset and as such allowed the cap-
ture of the variations in the factor profiles (Canonaco et al.,
2021). This resulted in a total of 17 200 runs. The mass spec-
tra of the three primary factors obtained through the seasonal
PMF simulations were used afterwards as reference profiles
for the rolling window runs. In order to select the best solu-
tions, the same criteria for selection were used as described
before (Table S1). The averaged solution for both organic
aerosol and combined matrix analyses is further discussed in
Sect. 4.

It needs to be mentioned that in the combined matrix anal-
ysis, for the deconvolution of organic and inorganic sources,
the primary OA factors and the two inorganic factors (ammo-
nium sulfate and ammonium nitrate) were constrained with
the respective factors identified in winter under the uncon-
strained simulations, for both seasonal and rolling PMF sim-
ulations. Overall, tighter constraints than those applied in the
OA modelling were used, allowing for a maximum variabil-
ity from the anchor profiles of up to ±20 % (random a value
0–0.2). The criteria used in this case were the same as that of
the OA interpretation that appears in Table S1.

4 Results and discussion

4.1 Fine aerosol chemical characterization

4.1.1 Seasonal and diel variability

In Fig. S1 the time series of the NRS derived from the
ToF-ACSM are presented. All time-related plots are in lo-
cal time. The time series imply strong temporal variation in
the NRS mass concentration. The maximum 30 min average
total NRS concentration recorded during this campaign was
61.6 µg m−3, while, overall, the total NRS concentration was
higher than 5 µg m−3 for 74 % of the period studied. As high-
lighted in Table S2, the organic fraction, as well as the to-
tal NRS concentration, presented higher values in spring and
summer rather than winter at our site. This was probably con-
nected to the topographical characteristics of our site, which
is located at the suburbs of Athens. In winter, higher con-
tribution of the anthropogenic emissions (e.g. BBOA) to the
total organic mass concentration was observed compared to
spring and summer. In the latter case, the absence of precip-
itation and the increased production of biogenic volatile or-
ganic compounds in the forest near our station (Lappalainen
et al., 2009) combined with enhanced photochemical activity
may have led to higher formation of SOA, consequently re-
sulting in higher organics concentrations (Table S2). Simul-
taneously, sulfate levels were the result of regional transport,
photochemical activity and local meteorology. The regional
character of sulfate for all seasons is indicated by the HYS-
PLIT back trajectories in Fig. S2. In winter, sulfate values are
lower due to enhanced precipitation, although regional sul-
fate was being transported to the station, while in the other
seasons regional transport combined with local photochemi-
cal activity and less precipitation results in higher sulfate val-
ues (Stavroulas et al., 2019; Theodosi et al., 2018; Cusack et
al., 2012; Dayan et al., 2017). Nitrate, which is semivolatile,
presented, as expected, higher concentrations in the cold
months when the lower temperature favours the formation
of ammonium nitrate and partitioning nitrate into the particle
phase, instead of the gas phase in which it appears when the
temperature rises and nitrate is predominantly in the HNO3
form (Lin and Cheng, 2007). Ammonium presented higher
concentrations in warmer months, following a similar pat-
tern to that of sulfate. Chloride exhibited its highest concen-
tration in winter, correlating its emission to biomass burning,
as was also resolved by the combined matrix PMF analysis
discussed in Sect. 4.2.2.

In comparison to the results reported in a previous study
conducted in the centre of Athens (Stavroulas et al., 2019) by
the National Observatory of Athens (NOA), the suburban site
presented lower concentrations for all NRSs in wintertime,
which is mainly attributed to the higher anthropogenic emis-
sions that generally occur in the urban area of Athens. Specif-
ically, we observed that all NRSs presented concentration
levels 3 to 4 times lower than those at the centre of Athens
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in winter except for sulfate for which concentrations were
more similar. For the other seasons, the inorganic species pre-
sented similar concentration levels at both sites (i.e. higher
contribution of secondary aerosol than primary emissions to
the observed NRS levels), while organics were higher at the
suburban site in spring and autumn. This is probably related
to the enhanced SOA formation at the suburban area, which
is dominated by pine tree vegetation. Black carbon exhibits
lower concentrations in the suburbs, in agreement with the
comparison study conducted by Kalogridis et al. (2018).

Figure 2 presents the daily variability of NRS for each pe-
riod studied. Nitrate always increased during the night. How-
ever, in winter and spring a distinct morning peak also ap-
peared, which is probably linked to photochemical activity,
meteorological conditions (gas-to-particle equilibrium) and
ammonia availability. On the other hand, the diurnal profile
of sulfate was flat in winter, consistent with regional sources
and meteorological conditions that do not favour local pho-
tochemical activity. In spring, summer and early autumn sul-
fate presents a diurnal structure that is related to local pho-
tochemical activity and boundary layer height. Ammonium
seasonal diurnal variability agreed quite well with that of
sulfate. Chloride presented two distinct peaks (i.e. morn-
ing and evening) for all the seasons, related to temperature-
dependent gas–particle partitioning of chlorine (i.e. chloride
is primarily detected as ammonium chloride), biomass burn-
ing emissions and prevailing atmospheric conditions. The or-
ganic fraction showed a midday–early afternoon peak and an
evening peak. Its diurnal cycle was most likely a combination
of primary emissions from various sources and secondary
aerosol formation during the day. It has to be noted that all
NRSs appeared to have increased concentrations during the
night, which may also be attributed to the increased atmo-
spheric stability during the night (shallow nocturnal bound-
ary layer).

On average, during the period of this campaign particulate
matter consisted of 51.3 % organics, 34.7 % sulfate, 9.4 %
ammonium, 4.4 % nitrate and 0.2 % chloride. In Fig. S3
the wind rose plots for each season appear, while Fig. S4
presents the seasonal bivariate CPF polar plots for all NRSs
to investigate the potential source regions of these species.
The polar plots for organics showed the highest concentra-
tions for low and moderate wind speeds near the centre area
as well as in the SE and NE directions indicative of both
local emissions and regional transport. High concentrations
of sulfate were observed for low, moderate and high wind
speeds from the SE sector, suggesting that a combination of
local emissions and regional and long-range transport may
significantly contribute to the observed sulfate levels. This
was also the case for ammonium, underlying the common
origin of these species. Nitrate was primarily locally pro-
duced. The high potential source region of particulate nitrate
coincided with the one observed for NOx , linking the partic-
ulate nitrate with the traffic-related NOx emissions (vehicle
exhausts). High concentrations of chloride were observed at

relatively low wind speed, implying that it was rather locally
emitted, probably linked to local secondary aerosol forma-
tion and biomass burning emissions, as will also be discussed
in Sect. 4.3.

4.1.2 Data from collocated instruments

Figure S5 depicts the time series of auxiliary data from col-
located instruments, that is eBC, NOx , O3, EC /OC, tem-
perature, relative humidity, wind speed and wind direction.
As shown, equivalent BCff presented a quite stable contribu-
tion to ambient particulate matter throughout the year, while
eBCwb had a stronger influence in winter as expected due
to biomass burning emissions related to residential heating.
During the study period, the cold months (October–March)
were characterized by high humidity (74 % mean) and rel-
atively low temperatures (12.7 ◦C mean), while the warm
months (May–September) were characterized by moderate
humidity (54 % mean) and temperature (24 ◦C mean) levels.
The prevailing wind speed and direction are presented for
each season. As highlighted also in Fig. S3, winter was influ-
enced mainly by southwestern winds, implying a significant
contribution from the emissions related to anthropogenic ac-
tivities from the city centre. In spring the air masses orig-
inated mainly from the southwest (urban city centre) and
southeast (downslope wind) directions, possibly associated
with Saharan dust events as well. In summer, the wind orig-
inated mainly from the southeast and northeast directions,
underlying the role of regional transport along with the local
aerosol emissions and formation processes, while in Septem-
ber and October the measurement site was mainly affected
by northwestern wind directions (regional and long-range-
transported aerosol).

4.2 PMF analysis of organic aerosols

The profiles of the five factors for m/z 10 to 100 are pre-
sented in Fig. 3a, along with the time series (Fig. 3b) and
the diurnal variation patterns (Fig. 3c) of the respective mass
concentrations. The remaining part of the mass spectrum is
depicted in Fig. S6. In Fig. S7a, the polar plots present the
spatial distribution for each factor, while in Fig. S7b the po-
lar plots for external data (eBCff, eBCwb, NOx and O3) are
depicted. The relative contribution and actual mass loadings
for each factor and season are summarized in Table S3. The
mass spectra, diurnal variations and potential sources of these
factors will be discussed in detail in the following sections.

4.2.1 Primary organic aerosols

The hydrocarbon-related (HOA) factor, linked to fossil fuel
combustion emissions, was identified based on its distinctive
mass spectrum and attributed to the traffic-related emissions
from the urban area of Athens, which are transported to the
measurement site under westerly wind directions (Fig. S7a).
From the plots in Fig. S7b it can be seen that HOA shared the
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Figure 2. Mean diurnal variation in hourly concentrations of organics (a), sulfate (b), nitrate (c), ammonium (d) and chloride (e) for each
period: November–February (NDJF), March–May (MAM), June–August (JJA) and September–October (SO) in local time.

same emission origin with NOx and eBCff. The HOA profile
was dominated by peaks characteristic of the alkanes, with
a high contribution of m/z at 27, 41 and 55 (CnH+2n−1) and
29, 43 and 57 (CnH+2n+1) (Zhang et al., 2005). The finger-
print of the traffic-related factor profile has been identified

to be quite stable over spatially different sites across Europe
(Crippa et al., 2014). In the present study, the unconstrained
HOA profile obtained was highly correlated with the HOA
profile from Crippa et al. (2013) (R2

= 0.98), which is typ-
ically used to constrain the HOA profile in urban environ-
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Figure 3. Mass spectra (a), time series (b) and diurnal trends (c) of the five organic aerosol factors.
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ments. The HOA factor presented an overall good correla-
tion with the time series of fossil-fuel combustion indica-
tors like NOx (R-Pearson= 0.69), eBCff (R-Pearson= 0.69)
and EC (R-Pearson= 0.58) as shown in Table S4. The good
agreement between the HOA and the traffic-related external
parameters validated the correct identification of the HOA
profile and the accurate separation of COA from HOA. In
general, the peaks observed at the time series of this factor
coincided with peaks also observed in the respective external
data time series, eBCff and NOx , except for the peaks ob-
served on 8 February (connected to cooking emissions) and
at the end of March, which both will be discussed in detail
below. The diurnal variability of HOA’s mass concentration
presented two peaks, one morning peak at 09:00 LT and one
evening peak at 21:00 LT, coinciding with the morning rush
hours and the evening traffic emissions and the shallow noc-
turnal boundary layer. As summarized in Table S3, HOA’s
average contribution to the total OA was 15 %, with its sea-
sonal contribution at 18 % for winter and spring decreasing
to 10 %–13 % in summer and early autumn. The latter de-
crease in HOA mass concentration and OA contribution was
expected, since traffic-related emissions are reduced during
the summer in Athens (Stavroulas et al., 2019), while SOA
formation is enhanced.

The mass spectrum representative of cooking emissions
was also identified in our study. The chemical fingerprint of
the COA factor profile was similar to HOA’s, as the same
variables that dominated the HOA profile were also present
in the COA emissions profile, but the m/z at 55 was the
prevailing one. On 8 February, a distinct peak in COA was
observed that was related to the barbecue festival “smokey
Thursday”. The simultaneous peak observed on that day in
HOA time series was attributed to the enhanced organic
aerosol emissions during this event that impede the model
from separating the two factors. The diurnal variability pat-
tern of COA mass concentration presented a bimodal pat-
tern (Fig. 3c), with the two peaks coinciding with lunch and
dinner time. The OA loading from cooking emissions over
the day was lower than the loading from traffic, with a to-
tal duration of 8 h. COA’s seasonal contribution to total OA
followed the same trend as HOA, decreasing from 19 % in
colder months to 14 %–16 % in warmer months, while the
average contribution of this factor was 17.7 %. As shown
in Fig. S7a, this factor had a local character, linked to the
cooking emissions originating from the urban environment
in close proximity to the measurement site.

We were able to resolve a factor dominated by wood burn-
ing (m/z 60 and 73) and PAH (m/z 77, 91, 115, 128, 165,
167) tracers. In order to ensure that the PAHs presented in
the BBOA profile were attributed to biomass burning (Li et
al., 2009), we conducted PMF runs constraining the profile of
our BBOA factor with the BBOA profile retrieved from an-
other study (Ng et al., 2011), trying to resolve a PAH-related
factor in case it exists; no environmentally reasonable solu-
tion could be reached. Additionally, since PAHs can also be

generated by gasoline car exhaust emissions (Okuda et al.,
2010), we constrained our HOA and BBOA profiles up to the
variables at m/z 100 and conducted 100 simulations. After-
wards, using the criteria list, we eliminated the runs in which
the PAH-related variables were attributed to HOA instead of
BBOA and found out that for more than 70 % of the sim-
ulations these variables were associated with BBOA. Other
PAH sources may include coal combustion (Okuda et al.,
2010), but coal is generally not used in Greece for heating
purposes, while the correlation of this factor with industry-
related markers measured by XRF analysis on PM2.5 filters
was very low (Pearson R< 0.2 between BBOA and Pb, Cu,
Mn, Zn, Sn, Cr, Cd, Rb, S, Fe, V, Ni). Moreover, polar plots
revealed no connection between this factor and port emis-
sions (Fig. S7a). Thus, we concluded that this factor indeed
originated primarily from biomass burning. The time series
of this factor highly correlated with the time series of the
wood burning fraction of eBC (eBCwb) obtained from the
Aethalometer (Pearson R= 0.74), as illustrated in Table S4.
The strong dependence of the concentration of biomass burn-
ing on the temperature is also depicted in Fig. 3b, where it is
clear that the increased contribution of BBOA to OA concen-
trations generally occurred at low temperature (wintertime).
However, the peaks in the time series of this factor were also
connected to wild forest fires, like the one that occurred on
23 July in the region of Attica. In any case, all these peaks
observed in the BBOA time series were also confirmed by
peaks in the eBCwb time series. The winter contribution of
BBOA to OA mass concentration was close to 18 % in winter
and decreased to 5 % in summer (Table S3). BBOA’s spatial
distribution (Fig. S7a) confirmed the strong local character
of this factor, although long-range transport from the north
sector may also have contributed to the increased BBOA lev-
els.

4.2.2 Oxygenated organic aerosols

The oxygenated organic factors retrieved in the current study
were of two types: one more oxidized oxygenated organic
aerosol (MO-OOA) and one less oxidized (LO-OOA). Oxy-
genated organic aerosols (OOAs) have as main tracers the
m/z variables at 28, 29, 43 and 44. The MO-OOA profile
was dominated by m/z 44 (corresponding to the CO2+ ion)
instead of m/z 43; the fraction at m/z 44 (f44) provides in-
formation regarding the degree of oxygenation of the respec-
tive factor. On the other hand, the LO-OOA mass spectrum
was represented by almost equal contributions of m/z 43
and m/z 44 (C2H3O+) (Ulbrich et al., 2009). LO-OOA was
significantly affected by temperature and presented a pro-
nounced seasonal variation pattern (Fig. 3b). LO-OOA’s con-
tribution to OA mass concentration in summer (31 %) was
double that of winter (14 %) (Table S3). MO-OOA’s contri-
bution to the total OA was on average 34 % with no signif-
icant seasonal variability. LO-OOA exhibited similar corre-
lation with the three inorganic ions (SO2−

4 , NO−3 and NH+4 ),
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except for summer when it was highly correlated with NO−3 .
MO-OOA showed good correlation with SO2−

4 and NH+4 in
all seasons and with NO−3 only in September–October. These
relationships imply the complicated internal mixing of or-
ganic and inorganic species that will be further discussed
in Sect. 4.3. From the polar plots presented in Fig. S7 it
can be seen that the areas where the probability of SOAs
were higher were similar to those of the oxidants NOx and
O3. More specifically, MO-OOA originated from areas rich
in both NOx and O3 concentrations, while LO-OOA was
mainly found on the NE and SE of our station, where O3 pri-
marily appeared. This highlights possibly different oxidation
mechanisms that take place to form the two types of SOAs in
our site.

4.3 PMF analysis of submicron aerosols

Figure 4 depicts the average profiles (Fig. 4a) of the seven
factors resolved from the combined input matrix PMF anal-
ysis for m/z up to 100. The profiles are the result of the av-
erage of 100 simulations, after applying the bootstrap tech-
nique and a rolling window of 14 d for the PMF runs. In the
same figure, the time series (Fig. 4b) and the diurnal trends
(Fig. 4c) of each factor are presented, while Table S5 shows
the actual mass loadings of each factor and their relative con-
tribution to the total NRS mass concentration for each sea-
son. Figure S8 presents the mass spectrum of NRS factors
for m/z 100–200, and Fig. S9 depicts the CPF polar plots
of the seven sources identified. Figures S10 and S11 survey
the contribution of each species in the NRS factors and the
contribution of each NRS factor in the non-refractory species
respectively in both relative (Figs. S10a and S11a) and abso-
lute (Figs. S10b and S11b) terms.

4.3.1 Primary organic factors

The hydrocarbon-related factor that was retrieved with the
combined matrix PMF method indicated the contribution of
the same m/z variables to the mass spectral profile of or-
ganics as the previously described HOA factor. The decon-
volution of the combined organic and inorganic dataset ma-
trix revealed a small contribution of inorganic species in this
traffic-related factor (Fig. S10). More specifically, combined
HOA contained 94 % organics, 3.6 % SO2−

4 and 2.3 % NO−3 .
The peaks of the previously resolved HOA (Sect. 4.2) that
were attributed to poor separation of the OA factors were not
present in the combined matrix analysis, highlighting the im-
provement of the solution. The polar plot of combined HOA
is similar to the one from OA PMF analysis, as well as those
of fossil-fuel markers (eBCff and NOx), implying the good
agreement of this factor between both analyses (Figs. S7 and
S9).

Cooking-related emissions were again resolved as COA.
As also shown in Fig. S10, this factor consisted mainly of or-
ganics (93.7 %) and presented low contributions of inorganic

ions: NH+4 (2 %), SO2−
4 (3.8 %) and NO−3 (0.5 %). COA’s

mass spectral profile resolved from combined PMF analy-
sis resembled the previously identified one. The diurnal pat-
tern of this factor again presented two peaks that coincided
with lunch and dinner time. Moreover, the polar plots of COA
again revealed local emissions (Fig. S9).

The factor connected to biomass burning was also identi-
fied through the combined PMF analysis. In this factor the in-
organics presented a lower contribution than on the other two
POA factors (Fig. S10). Combined BBOA was composed al-
most entirely of organics (97.8 % organics, 1 % SO2−

4 and
1 % Cl−). The two BBOAs presented similar diurnal pat-
terns. Again, this factor’s directionality (Fig. S9) showed that
it was a source affected by the city on the west and northwest
of our site.

4.3.2 Ammonium nitrate (AmNi)

The ammonium nitrate factor resolved in this study was com-
posed of 55 % NO−3 and 18 % NH+4 (Fig. S10). The remain-
ing part of this factor is of an organic nature and is linked
to the condensation of organic vapours at the nitrate parti-
cles, which takes place especially at night. The NH4 : NO3
ratio was 0.33, which is close to the theoretical ratio of 0.29
for pure ammonium nitrate. The respective ratio obtained
by Sun et al. (2012) was 0.36, while Äijälä et al. (2019)
reported a ratio of 0.46. In our study, nitrate was primar-
ily present as ammonium nitrate; this factor accounted for
81.5 % of total nitrate. Ammonium nitrate’s temporal varia-
tion agreed well with nitrate’s (Pearson R= 0.90). The di-
urnal variation in this factor showed enhanced concentration
at noon (Fig. 4c). Moreover, it was observed that the ammo-
nium nitrate peak in cold months occurred 3 h after the morn-
ing HOA peak, which further indicated the formation of am-
monium nitrate through the reaction of traffic-related NOx
and ammonia (Fig. 4c). In warm months, on the other hand,
no morning peak existed, which, combined with the lower
particulate nitrate concentration levels during these months,
led to the conclusion that the background NOx mainly partic-
ipated in ammonium nitrate formation in summertime. Gen-
erally, the pronounced peaks identified in AmNi time series
coincided with peaks observed in NH4 and NO3 time se-
ries, as measured with the ToF-ACSM. The CPF polar plot in
Fig. S9 further confirms that ammonium nitrate was locally
formed.

4.3.3 Ammonium sulfate (AmSul)

A factor predominantly composed of sulfate and ammonium
was retrieved in this study. A total of 64 % of the mass of this
factor was attributed to SO2−

4 and 19.5 % to NH+4 (Fig. S10).
The theoretical ammonium-to-sulfate aerosol ratio typically
ranges between 0.18 (NH4HSO4) and 0.36 ((NH4)2SO4).
In our case, the respective NH4 : SO4 ratio was 0.31, indi-
cating that the sulfate presented in this factor was almost
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Figure 4. Mass spectra (a), time series (b) and diurnal plots (c) of the seven submicron factors and (d) diurnal plot of AmNi with relative
humidity and air temperature.
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neutralized as (NH4)2SO4, further supporting the successful
deconvolution of this factor. This factor contained 53 % of
the total sulfate, and it highly correlated with ACSM SO2−

4
(Pearson R= 0.91) (Table S6). Sun et al. (2012) also re-
trieved a SO4-OA factor, but in that study, 18 % of the mass
of this factor was organic with a high degree of oxidation
(O /C= 0.69), the highest among the other factors retrieved,
while the NH4 : SO4 ratio was 0.34, which is close to the the-
oretical one for pure ammonium sulfate. Äijälä et al. (2019)
retrieved a factor of ammonium sulfate with a NH4 : SO4 ra-
tio between 0.2 and 0.24.

4.3.4 Secondary aerosols (MOA, LOA)

Two factors representative of secondary aerosols were identi-
fied, i.e. less oxidized, LOA (less oxidized aerosol), and more
oxidized, MOA (more oxidized aerosol), categorized as more
and less oxidized based on the oxidation state of the organic
part of their mass spectra (f44). Inorganic components sig-
nificantly contributed to these factors. As noted before for
the OA PMF analysis, LO-OOA and MO-OOA retrieved by
PMF analysis on the organic fraction were well correlated
with the inorganic species (Table S4), implying that an intrin-
sic relationship between aged organic and inorganic species
exists. The application of the combined organic and inor-
ganic PMF analysis can shed light on the mixing character-
istics between organics and inorganics. On a yearly average,
MOA consisted of 81 % organics, 11 % SO2−

4 , 4 % NH+4 and
4 % NO−3 , while LOA included 41 % organics and mixed a
high amount of SO2−

4 (47.7 %), and also 3.3 % NO−3 , 7.4 %
NH+4 and 0.6 % Cl−.

Figures 5 and S12 present the seasonal composition of
the oxidized factors. As appears, LOA exhibited different
composition in each season; in spring and summer organics
and inorganics equally contributed to the LOA’s mass con-
centration, while in winter and early autumn inorganics are
seen to be higher than organics in LOA. The more oxidized
aerosol presented a more stable composition throughout the
year, with organics being the prevalent species, accounting
for 76 % (JJA) to 86 % (NDJF) of MOA concentration. The
apportionment of inorganic species in these factors confirms
the internal mixing of SOAs with inorganic species, as ad-
dressed by Zhang et al. (2005).

MOA presented a strong correlation with MO-OOA (Pear-
son R= 0.86), whereas LOA showed a lower but still signifi-
cant correlation with LO-OOA (Pearson R= 0.68). LOA, as
well as LO-OOA, presented a strong correlation with temper-
ature (Fig. 4b). LOA’s seasonal contribution to total NRSs
was at a minimum in winter (19 %) and higher in summer
(29 %) and September–October (33 %), whereas MOA’s con-
tribution to total NRSs also peaked in summer at 27 % but
dropped in September–October to 20 %. The bivariate po-
lar plots of MOA and LOA resembled the respective plots
of MO-OOA and LO-OOA (Figs. S7a and S9). Specifically,
higher concentrations of MOA and LOA for low and mod-

erate wind speeds around the centre area as well as from NE
and SE were observed, suggesting that a combination of local
and regional sources may have contributed to the observed
concentrations. These regions were also associated with in-
creased concentrations of inorganics (NO3, NH4 and SO4)
and O3.

An overview of the species that contributed to each fac-
tor is shown in Fig. S11. As demonstrated, the organics were
present in all the factors, but they contributed less to the inor-
ganic factors, AmNi and AmSul. Sulfate was mainly present
in AmSul and in LOA. Ammonium was equally and mainly
distributed in the two inorganic factors (AmNi and Am-
Sul) while nitrate was primarily present in the AmNi factor.
Chloride, although present in very low concentrations, was
equally attributed to ammonium nitrate and BBOA factors,
highlighting the two main sources of chloride: secondary for-
mation of particulate ammonium chloride and biomass burn-
ing emissions.

4.4 Comparison of the two analyses

Integrating the inorganics in the PMF analysis adds valu-
able information concerning the mixing characteristics of or-
ganic and inorganic species over time, while rendering re-
sults that are qualitatively comparable to the widely used or-
ganic aerosol PMF. Obtaining a better understanding on the
sources and evolution processes of the total NRSs, instead
of merely OA, by applying source apportionment methods in
combined organic and inorganic datasets for various site lo-
cations and for long-term datasets, can be proven beneficial
for atmospheric studies and climate models. The two analy-
ses applied in the present study provided acceptable solutions
in terms of both uncertainty (spread of the factors) and scaled
residuals, as explained in the paragraphs below.

Since PMF provides a range of possible solutions, there is
a need to determine how many of these solutions are within
the acceptable limits and how much they vary from each
other. The variability in this part refers to the variability of
the many repeats of the model that can be translated as uncer-
tainty. Moreover, uncertainty arises by the generation of each
data point many times after the application of the random a-
value constraints, the resampling technique of bootstrapping
and the technique of the rolling window. Thus, the ratio of the
interquartile to the median concentration is used as a measure
of this uncertainty (Canonaco et al., 2021). Overall, higher
spread was observed for SOA than POA factors, and all the
factors of the combined PMF analysis were associated with
lower spread than the OA factors (9.5 % for combined HOA
instead of 10 % for OA HOA, 5 % for combined COA instead
of 7 % for OA COA, 3 % for combined matrix BBOA instead
of 5 % and 13 % on average for oxidized aerosols rather than
19 % for SOAs). The scaled residuals of the solutions were
also evaluated in order to confirm that the modelling is math-
ematically correct. In the organics PMF analysis, 99 % of the
scaled residuals were in the range of ±3, which is a reason-
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Figure 5. Mass concentration of each species in MOA (a) and LOA (b) in different seasons: yearly, November–February (NDJF), March–
May (MAM), June–August (JJA) and September–October (SO).

able range as suggested by Paatero and Hopke (2003). This
percentage was reduced to 91 % for the combined analysis,
although it remained high enough to assume the model fitted
the data well. The points at which the scaled residuals ex-
ceeded these thresholds were associated with peaks in SOAs
in the OA PMF analysis and in oxidized aerosols (MOA and
LOA) in the combined PMF analysis, which was expected
since these factors are linked to higher uncertainties due to
the fact that they are unconstrained.

Moreover, the primary factors obtained by both analyses
were highly correlated with each other in terms of tempo-
ral variation, suggesting that the inclusion of the inorgan-
ics in the PMF scheme did not adversely affect the qual-
ity of the initial solution. More specifically, the time se-
ries of the HOA factor obtained from the combined matrix
presented good correlation with the organic matrix resolved
HOA factor (Pearson R= 0.87). Combined COA time series
agreed with the previously resolved COA time series (Pear-
son R= 0.92). The BBOAs resolved from the two different
analyses were highly correlated with each other (Pearson
R= 0.88). Finally, the correlation between the factors ob-
tained and external tracers appears in Table S6, from which a
slight improvement can be seen for spring. For the other sea-
sons the degree of correlation was almost the same between
the factors from the two analyses and their respective exter-
nal tracers, which confirms the successful deconvolution of
the primary factors by both analyses.

5 Conclusions

The scope of this study was the characterization and source
apportionment analysis of a yearly ToF-ACSM dataset at a
suburban site in Athens. PMF was employed for two differ-
ent analyses: one on the organic fraction and one combin-
ing the organic and the inorganic species (SO2−

4 , NO−3 , NH+4
and Cl−) of the ToF-ACSM dataset. From the first analy-
sis, five organic aerosol factors were retrieved, while com-
bined PMF analysis yielded seven factors. With both analy-
ses three primary organic aerosol factors were resolved: one
hydrocarbon-related (HOA) from traffic emissions, one from
cooking emissions (COA) and one related to biomass burning
(BBOA). The organic aerosol interpretation produced two
more factors: one more oxidized (MO-OOA) and one less ox-
idized OOA (LO-OOA), while these factors were mixed with
inorganic species when resolved in the combined PMF analy-
sis (named MOA and LOA respectively). Two additional fac-
tors identified with the latter analysis were mostly inorganic:
ammonium nitrate (AmNi) and ammonium sulfate (AmSul).
The temporal composition of factors in combined PMF was
investigated seasonally, and higher variability in composition
by seasons was observed for LOA.

With regards to the significance of the combined PMF
analysis over organics PMF, it was shown that incorporating
the inorganics in the PMF analysis may lead to a better un-
derstanding of the sources and mixing characteristics of the
non-refractory organic and inorganic species of PM1, while
at the same time maintaining the quality of the solution ob-
tained. A comparison of the two analyses in terms of resid-
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uals of the solution and uncertainties (spread) of each factor,
as well as the correlations between the factors from the two
analyses and the factors with their respective external trac-
ers, took place and yielded motivating results in favour of the
combined PMF analysis.
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