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ABSTRACT

The study aims to assess the differences between the chemical profiles of the major anthropogenic and natural PM sources in two areas with different levels of
urbanization and traffic density within the same urban agglomeration. A traffic site and an urban background site in the Athens Metropolitan Area have been selected
for this comparison. For both sites, eight sources were identified, with seven of them being common for the two sites (Mineral Dust, non-Exhaust Emissions, Exhaust
Emissions, Heavy Oil Combustion, Sulfates & Organics, Sea Salt and Biomass Burning) and one, site-specific (Nitrates for the traffic site and Aged Sea Salt for the
urban background site). The similarity between the source profiles was quantified using two statistical analysis tools, Pearson correlation (PC) and Standardized
Identity Distance (SID). According to Pearson coefficients five out of the eight source profiles present high (PC > 0.8) correlation (Mineral Dust, Biomass Burning, Sea
Salt, Sulfates and Heavy Oil Combustion), one presented moderate (0.8 > PC > 0.6) correlation (Exhaust) and two low/no (PC < 0.6) correlation (non-Exhaust,
Nitrates/Aged Sea Salt). The source profiles that appear to be more correlated are those of sources that are not expected to have high spatial variability because there
are either natural/secondary and thus have a regional character or are emitted outside the urban agglomeration and are transported to both sites. According to SID
four out of the eight sources have high statistical correlation (SID < 1) in the two sites (Mineral Dust, Sea salt, Sulfates, Heavy Oil Combustion). Biomass Burning was
found to be the source that yielded different results from the two methodologies. The careful examination of the source profile of that source revealed the reason for
this discrepancy. SID takes all the species of the profile equally into account, while PC might be disproportionally affected by a few numbers of species with very high
concentrations. It is suggested, based on the findings of this work, that the combined use of both tools can lead the users to a thorough evaluation of the similarity of
source profiles. This work is, to the best of our knowledge, the first time a study is focused on the quantitative comparison of the source profiles for sites inside the
same urban agglomeration using statistical indicators.

1. Introduction

The attention that is given from the scientific community and the
governments on air quality remains very high. Special emphasis is given
on particulate pollution since it is well established that exposure to
particulate matter (PM) has adverse effects on human health (Kat-
souyanni, 2003; Ostro et al., 2014). The experiences gained during the
last decades of air quality monitoring and management have made it
very clear that particulate pollution is not easily mitigated and, for
control measures to be effective, it is imperative to identify the major PM

sources and target specifically on the reduction of the emissions from
these sources that contribute the most in a given area. The process of
identifying PM sources is known as source apportionment (Belis et al.,
2014). Positive Matrix Factorization (PMF) is a widely used source
apportionment tool based on receptor modeling (Hopke, 2016). PMF is
very reliable, as documented by European intercomparison exercises
(Belis et al., 2015a,b, 2020), and has been used in a very large number of
studies around the world (Diapouli et al., 2017b, 2017a; Gunchin et al.,
2019; Kim et al., 2003; Pateraki et al., 2019; Waked et al., 2014).

The numerous source apportionment studies have indicated that the

* Corresponding author. E.R.L., Institute of Nuclear & Radiological Sciences & Technology, Energy & Safety, N.C.S.R. Demokritos, 15310, Ag. Paraskevi, Attiki,

Greece.
** Corresponding author.

E-mail addresses: manosman@ipta.demokritos.gr (M. Manousakas), ldiapouli@ipta.demokritos.gr (E. Diapouli).

https://doi.org/10.1016/j.envres.2020.110257

Received 18 May 2020; Received in revised form 27 August 2020; Accepted 20 September 2020

Available online 5 October 2020
0013-9351/© 2020 Elsevier Inc. All rights reserved.


mailto:manosman@ipta.demokritos.gr
mailto:ldiapouli@ipta.demokritos.gr
www.sciencedirect.com/science/journal/00139351
https://www.elsevier.com/locate/envres
https://doi.org/10.1016/j.envres.2020.110257
https://doi.org/10.1016/j.envres.2020.110257
https://doi.org/10.1016/j.envres.2020.110257
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envres.2020.110257&domain=pdf

M. Manousakas et al.

contribution of sources can vary significantly even between locations
that are not so far apart (Cesari et al., 2016a,b; Lee et al., 2008; Pandolfi
et al.,, 2011). Even though there are several studies that focus on the
differences between PM sources and their contributions on different
areas (Cesari et al., 2016a,b), there are not many studies that focus on
the differences between the chemical profiles of the sources. The type of
sources that contribute in areas of similar characteristics are in most
cases very similar, with sources such as traffic, biomass burning, road
dust and others being almost universally present (Belis et al., 2013).

Most source apportionment studies take place on urban areas,
because PM concentration levels and the population density are much
higher in comparison to other areas, meaning that the number of people
that are exposed to PM pollution is very high. Even though there is a
classification for the atmospheric PM concentration levels in terms of
measurement sites, such as suburban/urban background or traffic/kerb
site, aerosol chemical composition data are often not available in every
type of site to conduct separate source apportionment studies. While in
source apportionment studies big cities are often treated as one envi-
ronment, this assumption does not take into account that the chemical
composition and concentration of PM originating from a given source
may be different at the various areas of the city (Kim Oanh et al., 2009).
The factors that alter most the profiles are a) some chemical reactions
(acid-base; oxidation) and physical processes (e.g. photo degradation,
partitioning) that act on specific components and not on others; and b)
the different mix of single sources that constitute one “source category”.
In addition, chemical profiles may vary over time at the same location
(e.g. winter summer). Particles and gaseous precursors originating from
a source may undergo chemical and physical changes in the atmosphere
generally described as aerosol aging (Shiraiwa et al., 2011) (production
of secondary aerosol, change in particles size distribution, vola-
tilization/condensation processes, etc.); thus, if a receptor site is at some
distance from the emission source, the chemical fingerprint of the source
found at the receptor site may differ significantly from the fresh source
fingerprint. All the aforementioned factors affect the chemical compo-
sition of the source profiles at receptors of different characteristics
regarding aerosol mixing and aging. Even though it is not possible to
trace back those processes from examining the source profiles it is
important to statistically asses the differences and provide meaningful
understanding on the impact on the identified sources across different
receptors within an extended urban area. Since the effects PM has on
human health are linked not only to their mass but also to their
composition and size distribution (Donaldson et al., 1997; Zwozdziak
et al., 2017), the differences in the chemical fingerprints of PM sources
across the various city areas may be also relevant for population risk
assessment.

Source apportionment techniques based on receptor modeling use
pre-selected and/or estimated by the model chemical profiles for the
different PM sources. The chemical mass balance (CMB) models, for
instance, use pre-selected source profiles, measured at the source or
theoretically constructed (Argyropoulos et al., 2012). PMF, on the other
hand, is usually applied with no prior knowledge of the source profiles
(Viana et al., 2008), thus providing more flexibility in terms of identi-
fying chemical profiles representative of the receptor sites. Nonetheless,
due to limitations in data availability, some PMF studies use combined
datasets of PM chemical composition from different areas within the
same city, in order to produce a final dataset of substantial size to be
used for source apportionment (Sarigiannis et al., 2017). This may lead
to mixed profiles that are less specific for the single receptor while are
more representative of the entire city.

The current study, conducted in the framework of the AIRUSE LIFE
+ project (ENV/ES/584), aims to assess the differences between the
chemical profiles of the major anthropogenic and natural PM sources, in
two areas with different levels of urbanization and traffic density within
the same urban agglomeration. The results also provide insight into the
uncertainty introduced when (i) average source profiles are produced by
PMF, corresponding to more than one site or (ii) chemical profiles
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measured at the source are used to estimate source contributions at a
receptor site away from direct emissions. A traffic site and an urban
background site in the Athens Metropolitan Area (AMA) have been
selected for this comparison. The similarity between the source profiles
was quantified using two statistical analysis tools, Pearson correlation
and Standardized Identity Distance. The proposed methodology, is
capable only of an unbiased quantification of the differences of the
source profiles produced by source apportionment methods, but cannot
provide information for the processes that lead to the observed
differences.

2. Methodology
2.1. PM sampling and chemical analysis

In the framework of the AIRUSE LIFE + project, 24 h PM; and PMy 5
samples were collected in two sites inside the AMA. The Urban Back-
ground (UB) site was at the Global Atmosphere Watch (GAW) Demok-
ritos station (DEM -Athens), while the Traffic (TR) site was located in the
city center, next to a busy street (Fig. 1).

The DEM- Athens urban background station is located inside the
NCSR Demokritos campus (37°99'50” N, 23°81'60" E), at the north-
eastern corner of the Greater Athens Metropolitan Area and at an alti-
tude of 270 m a.s.l. The station is away from direct emission sources in a
vegetated area (pine). PM10 and PM2.5 samples were collected on
Teflon filters by means of low-volume (2.3 m3/h) samplers (Sequential
47/50-CD with Peltier cooler, Sven Leckel GmbH, a Tecora Echo PM
sampler and a Demokritos EN12341 sampler). PM10 and PM2.5 samples
were also collected on quartz microfiber filters by means of high-volume
samplers (Sequential High- Volume Sampler CAV-A/MSb, MCV, SA).

The Aristotelous Monitoring station of the National Air Quality
Network was selected as a typical traffic impacted site. The station is
located in the Athens commercial center, at the 1st floor open balcony of
the Ministry of Health, facing a busy crossroad (37.99°N 23.72°E, at an
altitude of 64 m a.s.l., Fig. 1). PM;o and PMj 5 samples were collected on
Teflon filters (Pall, Teflon and Whatman, PTFE) by means of low volume
2.3 m3/h) samplers (2 Sequential 47/50-CD, Sven Leckel GmbH). PM;(
was also collected on quartz microfiber filters (Pall Tissuequartz) by
means of low Volume Samplers (Sequential Low-Volume Sampler, MCZ,
GmbH or Derenda PNS 16-3.1). After the end of the TR site campaign,
parallel sampling of PMy5 and PM;o on quartz filters was performed
during a 2-week period, by means of low volume (2.3 m3/h) samplers (2
Sequential 47/50-CD, Sven Leckel GmbH). These samples were used for
elemental (EC) and organic carbon (OC) analysis, in order to derive an
indicative PM2.5/PM10 ratio for these two species at the TR site.

The sampling campaign in the traffic station (TR) was performed
during the summer of 2013 (July and August) and the winter of 2014
(January and February). The total number of collected samples was 140
(68 PMy 5 and 72 PM;q). The sampling campaign in the urban back-
ground station lasted for 12 months (February 2013 to February 2014)
and the total number of collected samples in this case was 439 (235
PM2.5 and 204 PMlo).

The PMy 5 and PM;( mass concentrations were determined gravi-
metrically from the Teflon filters, following the standard operating
procedure EN1234. The Teflon filters were also analysed by Particle
Induced X-Ray Emission (PIXE) (Lucarelli et al., 2014) for major and
trace elements (S, Mg, Al, Si, Ca, Fe, Cu, Zn, Ba, Ni, V, Cr, Pb, As, Ti, Mn,
Ba, Pb, Cd, Sb) and for ionic species by Ion Chromatography (IC) (SO3~,
NOs, NH{, Kt, Na*) (Amato et al., 2016). Inductively Coupled Plasma
Mass Spectrometry (ICP-MS) and Inductively Coupled Plasma Atomic
Emission Spectroscopy (ICP-AES) (Querol et al., 2001) (V, As, Sr, Cd, Sb)
was performed on the UB quartz filters, as a complementary elemental
analysis technique. All quartz filters were analysed by thermo-optical
transmittance (TOT) method (EUSAAR2 protocol) for the determina-
tion of OC and EC concentrations in PM;y and PM5 5. The accuracy of
PIXE elemental concentrations is determined by a sum of independent
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Fig. 1. Traffic (left) and urban background (right) stations in Athens metropolitan area.

uncertainties on standard samples thickness (5%) and X-rays counting
statistics (from 2% to 20% or higher when values approach detection
limits); the uncertainties on concentrations measured by the other used
analytical techniques are: 5-10% for EC-OC, 5% for ions, 5-20% for ICP
elements (Lucarelli et al., 2015). Minimum detection limits (MDLs) are
in average 10-20 ng m~2 for Na, 5-10 ng m~2 for Mg, Al Si, K, Ca, and
1-3ng m ™ for Mn, Fe, Sr (Nava et al., 2012). Details on the analytical
techniques used and their corresponding uncertainties are provided in
Amato et al. (2016).

2.2. Source apportionment by PMF

PMF analysis was performed on all samples, separately for each site,
by the use of the EPA PMF 5.0 model (Norris and Brown, 2014). In both
cases, the PM, 5 and PM; data were used as a composite dataset. PMF
decomposes the matrix X, which contains the measured chemical
composition data, into two matrices: the matrix F which corresponds to
the source profiles and describes the chemical composition of the
fingerprint of the sources, and the matrix G which corresponds to the
source contribution and contains the contribution of the sources. PMF
seeks to reconstruct the matrix X, based on the following equation:

X=GxF+E (@)

where X is the chemical composition matrix, G is the source contribu-
tions, F the factor profiles and E the residual.

PMF is a statistical model that is based on the well justified
assumption that chemical species which originate from the same source
are highly correlated. A problem that may arise is that correlations be-
tween the species may originate from reasons other than same origin/
source. Additionally, a source may have a different chemical fingerprint

in different areas. For example, traffic chemical profile will be different
if the vehicle fleet in a certain location is composed mainly of diesel
vehicles or of gas vehicles. In this work, source profiles and contribu-
tions obtained from the PMF analysis for the two sites were compared, in
order to obtain information regarding the similarities and dissimilarities
in the impact observed at the two different sites, from the same type of
sources and processes and to identify the differences that do not repre-
sent physical phenomena (or geographical variability) but statistical
inaccuracies. The comparison was performed only for the common days
of measurement, in order for the source contributions to be directly
comparable.

The difficulty in this attempt is the quantification of the “difference”
between both source contributions and especially their source profiles.
In their published work, Belis et al. (2015a,b) proposed a methodology
to assess source apportionment model performance and applied it in the
framework of two intercomparison exercises. In the current study two
metrics that are proposed in the aforementioned study are used and are
namely Pearson Correlation (PC) and the Standardized Identity Distance
(SID). Both methods examine the correlation between groups of vari-
ables, in this case factor profiles and contributions. The difference be-
tween them is that PC indicates how well the relationship between two
variables can be described with a line, no matter what the slope and
intercept are, while SID tests only the linear model with slope 1 and
intercept 0 (Belis et al., 2015a,b).

The SID is defined as the ratio of the identity distance (ID) to the
maximum accepted distance (MAD) (Pernigotti et al., 2016):

1731 =l
SID =— Y. - 2)
m;kﬂxf +



M. Manousakas et al.

where j is the index of the m species in the two source profiles, and x; and
yj are their relative masses. The ID measures how different is the
abundance of every single chemical species j in the two compared pro-
files while the MAD sets the limit, in relative terms, for the ID to be
accepted. When the average ID is smaller or equal to MAD the SID is > 1
indicating that the two profiles are comparable. The coefficient k ac-
counts for the variability of the source; by default, it is set to 1 when no
information about this is available. The SID is computed only for the
species j that are present in both profiles.

As another metric of similarity between the profiles and to indicate
the robustness of PMF solutions, the DeltaSA tool that it is available
online (https://source-apportionment.jrc.ec.europa.eu/) free of charge
by JRC was used (Pernigotti et al., 2016; Pernigotti and Belis, 2018).
Delta SA Compares the chemical profile of a factor chemical profile with
the chemical profiles in SPECIATE (US-EPA) and SPECIEUROPE
(EC-JRC) repositories. The similarity is computed using the Standard-
ized Identity Distance and the Pearson Distance (PD, 1-pearson corre-
lation coefficient). The criteria that indicate high similarity for the two
methodologies are SID <1 and PC > 0.6.

2.3. Source apportionment approach and evaluation

As discussed in the previous section, PMF analysis was performed on
all samples, separately for each site, by the use of the EPA PMF 5.0
model. In both cases, the PM3 5 and PM;( data were used as a composite
dataset. This methodology is not new and it was already proven to in-
crease considerably the statistical significance of the analysis, although
it assumes that the chemical profiles of sources are the same in the PM; 5
and PM; fractions (Amato et al., 2009, 2016). The solution was thor-
oughly evaluated to make sure that the overall and rotational ambiguity
uncertainties were low. The number of factors was decided after the
investigation of a range of possible solutions starting from 4 factors up to
10. Eight factors were found to be the optimal solution (highest number
of factors with physical meaning) for both sites. Strong, weak and bad
variables were selected according to their S/N (signal to noise ratio) as
described in the EPA PMF 5.0 manual. The variables that were set weak
were V, As, Sr, Cd and Sb. The differences between Qe and Qo and
also between Qe and Qe were less than 5%. One hundred simulations
were performed and the differences in scaled residuals between the
different simulations were very low. The results of the diagnostic tools
offered by EPA PMF revealed that the solution was robust with low
rotational ambiguity. Bootstrap results indicated that the factors were
reproduced at a minimum level of 85% of the produced resamples, while
displacement and bootstrap-displacement showed no factor swaps for
the minimum dQ level. The PM mass reconstruction was satisfactory.
The R? between modeled and real PM mass was over 0.87.

Even though all collected data was used to perform source appor-
tionment analysis, only the common dates were used for comparison of
the source contributions between the different sites. Since the average
source contribution at a certain receptor is not affected only by the
distance from the source but from the emissions intensity of the sources
in a certain time period, a comparison of source contributions for
common dates for the two sites is considered more representative. On
the other hand, source profiles should not vary regardless of small dif-
ferences in the time periods that are covered, since they are not related
with emissions intensities that vary overtime, but with the chemical
composition of the source emissions which should remain stable if the
source is the same. A fundamental assumption that needs to be met for
receptor models to be used, is that source profiles do not vary significant
overtime (Belis et al., 2014). To test the assumption that profiles are not
affected in this case by the number of samples that are used, PMF
analysis was performed for the UB site using as input only the common
data with TR site. The factors in both cases were extremely similar (PC
over 0.9 for every case). The source profiles that correspond to the runs
performed with all the collected data were chosen to be used in the
current study, in order to increase the statistical significance of the
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analysis.
3. Results
3.1. PM speciation

In Table 1, the average mass concentrations of PM, 5 and PM; as
well as the concentrations of various major and trace elements/species
are presented.

As it is presented in Table 1, most constituents have higher con-
centrations in TR site. The components that are related to anthropogenic
emissions, especially road traffic, such as NOs-, Fe, Cu, Zn, Ba, Mn, Cr,
Pb and EC, OC have much higher concentrations at the TR site. Elements
that are mainly associated with natural sources and specifically with soil
resuspension (Al, Si, Ti), have higher concentrations in UB site. The el-
ements that are associated with heavy oil combustion Ni and V, have
similar concentrations at both sites, as they are transported from in-
dustrial or/and port sites. Nat and Mg present comparable concentra-
tion in both sites, while C1~ has much lower concentration in UB site,
even though all of them mainly originate from sea spray. The reason for
that observation might be that since UB site is located further away from
the sea, which is expected to be the main source of Cl~, Cl depletion may
take place, leading to much lower concentrations of Cl™ in the UB site.
K" has higher concentration in the TR site. Finally, SO%’ and S, which is
a secondary aerosol species associated with anthropogenic emissions
(SO) but formed rather slowly and thus mostly related to regionally
transported pollution, displays similar concentrations at the two sites.

3.2. Source chemical profiles

For both sites the optimum PMF solution was obtained for 8 factors.
The identification of sources resulted in 7 common sources for the two
sites (Mineral Dust, non-Exhaust Emissions, Exhaust Emissions, Heavy
Oil Combustion, Sulfates & Organics, Sea Salt and Biomass Burning) and
one site specific source (Nitrates for the traffic site and Aged Sea Salt for
the urban background site). In Fig. 2 the obtained source profiles for the

Table 1
Mean PM and component concentrations for the study period at the two study
sites (in ng/ms).

UB PM10 TR PM10 UB PM2.5 TR PM2.5
PM 19,872 33,467 11,003 19,499
EC 416 3348 324 2628
oc 3268 8480 2724 6197
Nor 3651 3672 2888 3346
NO3 1164 2122 173 898
NHZ 1013 1050 943 1034
K* 251 363 115 179
S 1255 1281 911 934
cl- 617 990 41 99
Na* 670 766 112 129
Mg 210 216 35 32
Al 400 288 90 56
Si 994 779 234 167
Ca 778 1804 175 375
Fe 419 1019 112 216
Cu 6.2 32 2.2 6.9
Zn 18 40 9.9 19
Ba 16.1 45 6.9 9.7
Ni 2.6 3.4 1.5 1.6
A 4 5.3 2.7 2.7
Cr 2.5 7.6 2 3.2
Pb 4.2 6.1 2.7 3.7
As 0.6 0.8 0.4 0.5
Ti 24.7 23.4 8.2 7.6
Mn 7.1 12.7 2.2 3.2
Ba BDL 50 BDL 10
Pb BDL 6 BDL 4

cd 0.1 BDL 0.1 BDL
Sb 1 BDL 0.5 BDL
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Fig. 2. Source profiles obtained by PMF for UB (blue bars) and TR sites (black bars). If the legend contains two names, the one on the right corresponds to UB and on
the left to TR. Highlighted red bars correspond to Cd and Sb that were used only at the UB and Ba and Pb that were used only at the TR site. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

two sites are presented, while the relative contributions of the sources
are presented in Fig. 3.

The species and elements that have been used in the two sites are
identical except for Cd and Sb that were used only at the UB site and Ba
and Pb that were used only at the TR site, since it was not possible to be
quantified in concentrations higher than the detection limit in both
areas. The presence of those elements in quantifiable concentrations in
specific sites, indicates that the sources have slightly different tracers in
the two occasions. For that reason, it was selected to keep the tracers in

the analysis. Having that said, since those tracers have very low con-
centrations and relatively high uncertainties, it is not expected that they
affect the shape of the factors in respect to the rest of the tracers.

The common sources at the two sites appear to have similar chemical
profiles (Fig. 2). The challenge, though, is to provide a quantification of
this “similarity” of the source profiles. In the current study two methods
were used, which were namely Pearson Correlation and SID (Stan-
dardized Identity Distance). In Table 2 the Pearson Correlation and the
Standarized Indentity Distance between the source profiles are
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presented.

According to Pearson Correlation coefficients (Table 2) five out of
the eight source profiles display high correlation (>0.8) and are namely
Mineral Dust, Biomass Burning, Sea Salt, Sulfates and Heavy Oil Com-
bustion. The fact that these profiles are so similar even though the runs
are different for each site is an indication of the robustness of the model.
Those sources are present in many different areas around the world and
present similar chemical profiles (Calzolai et al., 2015; Diapouli et al.,
2016; Manousakas et al., 2017, 2015), even though sources such as
re-suspended dust are pretty much dependent on the local geological
substrate. Natural sources are expected to have similar profiles regard-
less of the site inside an urban area as the emitted chemical species are
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2. (continued).

not affected by the intensity of anthropogenic activities inside the urban
agglomeration. The similarity of Sulphate and Heavy Oil combustion
profiles on the other hand, which are typical anthropogenic sources,
may indicate a regional origin for these sources. The regional character
of Sulphate in Athens has been also pointed out in previous works, based
on the homogeneity of SO4-2 concentration levels across the greater
Athens area (Diapouli et al., 2016; Theodosi et al., 2011). Similarly,
Heavy Oil combustion in Athens is taking place outside the city, either in
industrial areas at the west part of the peninsula or due to shipping
emissions; it is, thus, in either case transported to the two sites, rather
than displaying emission sources inside the Athens urban area. Finally,
Biomass Burning has a very distinct source signature with respect to its
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Fig. 3. Absolute (jig/m®) and relative (%) average source contributions (for the common sampling dates) to the two PM fractions.
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Table 2
Pearson Correlation coefficients and SID for the source profiles of the two sites.

Environmental Research 192 (2021) 110257

Non Exhaust Mineral Dust Vehicle exhaust Nitrates/Aged sea salt Biomass burning Sea Salt Sulfates and organics Heavy Oil combustion
PC 0.16 0.81 0.67 0.35 0.99 0.93 0.99 0.89
SID 1.05 0.96 1.32 1.41 1.21 0.92 0.98 0.86

key tracers (OC and EC and the OC/EC ratio), regardless of the particular
location inside the GAA (Kalogridis et al., 2017). The detailed compar-
ison of the profiles reveals that, for Mineral Dust the contribution of the
soil related elements is higher in the UB factor. This might be attributed
to the fact that the surrounding area of the UB site is not paved which
favors soil resuspension. The Sea Salt chemical profiles have almost
identical normalized contribution of the major tracer elements (Na™,
Mg "2, C17). The main difference between the two profiles is the presence
of EC in UB and NOgs- in TR. In the case of Biomass Burning, while the
relative contributions of all its key tracers (OC, EC and K™") are identical
in the two profiles, the contributions of the remaining components are
quite variable, but always very small, in comparison to the total mass of
the profiles. It should be mentioned here that when two source profiles
are compared, the comparison should be focused on the main tracer-
s/markers of the source regardless of their concentration in the factor.
The wide range of biomass burning types (i.e. type of biofuel, combus-
tion regime/appliances, open fire such as in forest fire events or resi-
dential biomass burning) may account for this variability in the “tracer”
species found in the profiles. For instance, the presence of As, mainly in
the UB profile, may be attributed to the burning of treated wood, since
As is used as preservative in treated wood (Van Grieken and Markowicz,
2002). Indeed, burning of treated wood and/or waste for residential
heating was observed in Athens during that period, in the middle of the
Greek financial crisis (Amato et al., 2016). In the chemical profiles of the
source of Sulfates and Organics, the contributions of OC, NH4" and
S04-2 are almost identical. The presence of K* in the profiles of both
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sites, indicates some mixing of this factor with biomass burning. This
might be attributed to the fact that K originating from biomass burning is
emitted as KCI (young smoke) and it is then transformed to K2SO4 (aged
smoke), which is a more stable form (Niemi et al., 2004). As it is reported
in previous studies, young BB is primary while aged BB is a secondary
source and in some cases appear as two separate source categories
(Perrone et al., 2018). It is considered that because K is in the form of
K2SO4 the model apportions a part of it to the factor that represents
sulfates.

The Exhaust Emissions profiles displayed moderate Pearson corre-
lation between the two sites. The main tracers at both sites were, as
expected, EC and OC, but the OC/EC ratio was much higher in the UB
site. This difference may be attributed to the chemical composition of
fresh and aged exhaust emissions (e.g. production of secondary organic
aerosol from VOCs in the UB site) but also to a higher traffic density of
diesel vehicles at the TR site (such as taxis, buses and commercial LDVs);
diesel exhaust emissions display OC/EC ratios close to 1 (Argyropoulos
et al., 2012). The profiles also display different contributions of “minor”
tracers. Specifically, the UB Exhaust emissions profiles appears to be
affected by non-Exhaust emissions because of the much higher contri-
butions of soil related and anthropogenic elements that are mainly
emitted from this source (Mg, Al, Si, Ca, Ti, Fe, Cu and Zn). The traffic
related sources have a much higher contribution to PM in the TR site and
are mainly transported from TR to UB site. Since both sources (Exhaust
and non-Exhaust emissions) are transported at the same time to the UB
site, the model might misinterpret this correlation and produce slightly

O Mitrates/Aged sea salt A Biomass

o Heavy oil @ Non Exhaust
&
JA
% I
+
]
0.5 0.6 0.7 0.8 0.9 1
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Fig. 4. SIDs and PCs. Points below the red line present good correlation according to SID criterion, while points right of the blue line present good correlation
according to PC criterion. Points within the shaded area present good correlation according to both criteria. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)
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mixed factors. Sources such as combustion sources that produce fine
aerosols, are expected to have source profiles less affected due to
transportation in small distances because fine aerosols have higher
residence time.

The sources that displayed low correlation are Nitrates/Aged Sea Salt
and non-Exhaust Emissions. Nitrates and Aged Sea Salt are the only two
sources that, even though were identified by the same key tracer (ni-
trates), they were classified as different sources. The fact that the sta-
tistical factors confirm the discrete chemical nature of the profiles,
validates their original classification as different sources. At both sites,
nitrates were major contributors to the source profiles. What distin-
guishes the two profiles and leads to the assignment of different source
types to them, is the significant contribution of Na™ in the UB profile and
of NHJ in the TR profile. The presence of Na™ in the UB profile indicates
the production of NaNOs, due to the interaction of sea salt aerosol with
anthropogenic gaseous precursors (NOx) (Eleftheriadis et al., 2014). The
nitrates profile found in TR, on the other hand, includes mainly nitrate,
ammonium, OC and sulphate. The secondary sulphate present in this
factor seems to be related rather to local than regional origin, as
demonstrated by the presence of nitrate as well. Nitrate is known to be
formed faster than sulphate, and is thus more often related to local
rather than regional sources. The presence of organics in the Nitrates
profile further support the secondary nature of this source. The identi-
fication of these two rather similar, but not identical profiles, highlights
the different processes that may take place in centrally located and
background sites. The TR site is more impacted by fresh emissions from
the city sources and thus tends to display more “clear” source profiles.
The UB site, on the other hand, receives a mixture of pollutants emitted
from both anthropogenic and natural sources and transported to this
receptor site; the interaction of these pollutants while traveling to the UB
site is reflected by the presence of mixed source profiles (such as the case
of secondary nitrate coupled with sea salt aerosol).

The Non-Exhaust profiles display low Pearson correlation and the
contributions to PM are also very different. It is well established that the
chemical trail of non-exhaust vehicle emissions (or road dust) is
composed of soil related elements and anthropogenic elements that
originate from the abrasion of different parts of the vehicles such as the
tires, brakes and the body (Amato et al., 2009; Thorpe and Harrison,
2008). The profiles suggest that the contribution of the soil related el-
ements (Mg, Al, Si, Ca, Ti, Fe) is higher in TR site, while the contribution
of the anthropogenic elements is higher in the UB (Ni, Zn). This fact
might be explained if we take into account the proximity of the sampling
site to the source. In UB site the resuspension of the road dust is taking
place further away from the sampling point, which means that the
chemical trail of the non-exhaust emissions is more enriched with fine

o o e
) w IS

Biomass Burning TR (g/g)
o

0.1 0.2 0.3
Biomass Burning UB (g/g)
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elements and less with coarse ones. Elements that originate from natural
sources such as soil are mainly in the coarse fraction (Karanasiou et al.,
2007), and they have lower residence time in the atmosphere. In the
traffic site, on the other hand, the resuspension is taking place in close
proximity to the sampling point and thus the enrichment of the factor
with coarse elements of natural origin is higher. Another significant
difference observed between the UB and TR profiles is the absence of OC
from the UB non-exhaust profile. This may be due to its low contribution
to this factor, in comparison to other factors, such as Vehicle Exhaust
and Sulfates & Organics. It should be noted that most of OC was
apportioned to these two factors/sources, while Sulfates & Organics also
displayed the highest contribution to PM mass at the UB site.

An additional statistical indicator was utilized in order to quantify
the “similarity” between the source profiles. As it was stated before, even
though Pearson correlation is a well-established and widely used sta-
tistical tool, it has some weaknesses (e.g. it is mostly influenced by the
most abundant species). The SID was used for that reason, a tool that has
been showcased that it can quantify well the similarity of source profiles
and contributions in source apportionment studies (Belis et al., 2015a,b;
Pernigotti et al., 2016). The results are presented in Table 2. SID values
that are above 1 represent source profiles with low/no correlation.

Out of the six sources that presented high PC coefficients (Fig. 4),
four were correlated according to SID as well. The source profile that
was not correlated in this case was the one that corresponds to Biomass
Burning. According to PC the Biomass Burning profiles from the two
sites were highly correlated (0.99) while the SID was found to be 1.21.
The reason for this discrepancy is related with the level of influence the
marginal species have on the PC test. SID as equation (2) suggests, is
equally affected by all the species j in a factor, regardless of their relative
mass in the source profile, while in PC, species with high relative
abundance affect disproportionally the results. In Fig. 4 (left) the cor-
relation of relative contributions for all species found in the Biomass
Burning profiles is presented. It can be seen that the species with high
relative contributions, which in this case are EC and OC, are within the
acceptability limits and in the case of EC almost on the identity line.

In Fig. 5 (right), EC and OC have been removed from the graphical
representation and it becomes apparent that almost all the other species
that are present in the factor apart from EC and OC are outside the
acceptability thresholds, leading to a SID value over 1. Since the species
that are considered tracers for the Biomass Burning source (EC, OC, K1)
are within the acceptability limits, both the UB and TR profiles may
indeed be classified to this source. But SID reveals that some non-
negligible differences exist in the two profiles that are associated with
tracers with low relative masses. The TR profile contains elements that
are related with traffic emissions, which might indicate that because of
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Fig. 5. Relative mass of the different chemical species in the Biomass Burning profiles from UB and TR sites (left) and after removing the species with the highest
relative masses (EC, OC) (right). The red line represents the identity line (one to one line) and the dashed lines the acceptability thresholds. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)



M. Manousakas et al.

Environmental Research 192 (2021) 110257

100 35
S0 b
—TR [ 30
80 —uB
] [ 25
o 70 r 0
- [ -
R 60 t ES
c 20 g
2 P8
_§ 50 =
] i
- L 15 =
—_ —
40 F
‘g‘ [ E
F o
O 4] L [}
- 10
20 4
r 5
10 4 [
P+t T ——T ——T ———TTTT L 0
m oM oMM meM T S T T T T T T T L T T T T T T T T T
e e =R == = I = T = T = T = T = = D= T = I = T B B B R B B B N B |
S5 0 0O 0 g o OO oDO0OODQCDOQODOCOOO QO OO oOOoO® oO®oODOoOOoTOoO B
o s L .. < A I i - S S S U
S & A JF ~N T 0 8 o0 dmBA N Td AR IS E N
(=] - o~ o o~ o~ ~ o~ o - - -~ Ll Ll o~ o~ (] ~
Fig. 6. 24 h contribution of Biomass Burning at the two sites (left axis TR, right axis UB).

Table 3
Pearson correlation between the 24 h source contributions (time series) for the two sites and Pearson correlation only in days with wind speed (ws) > 2 m/s.
non Exhaust Mineral Vehicle Aged Sea Salt/ Biomass Fresh Sea Secondary Sulfates & Heavy Oil
Traffic Dust Exhaust Nitrates Burning Salt Organics Combustion
PM10 0.51 0.87 -0.14 —0.02 -0.12 0.87 0.82 0.16
PM2.5 0.33 0.41 —0.40 —0.18 0.05 0.70 0.81 0.09
PM10 ws > 2 0.47 0.82 -0.10 0.38 —0.18 0.89 0.82 0.53
m/s
PM2.5 ws > 2 0.03 0.31 —-0.38 0.05 —0.02 0.78 0.83 0.16
m/s

the very prominent contribution of traffic in this site, there is a level of
mixing with sources that have similar tracers. The minor tracers in a
profile might not be so important for the assignment of a profile to a
source category but might provide information regarding different
processes/conditions that impact the various sites as well as the statis-
tical inaccuracies that may exist in the modeling process. For that
reason, SID is considered as a more appropriate test to evaluate the
similarity of two profiles, as it is more sensitive to the variation of all
species on the factor regardless of their relative weight. This is partic-
ularly important when the source markers are species with low abun-
dance such as trace elements or specific organic compounds (e.g. PAHs).
Overall, both tests indicated the robustness of the model results,
since sources that are not expected to have spatial variation with respect
to their chemical profiles, were well correlated based on both tests. SID
test is more sensitive to the differences of tracers with low relative
masses in the factors. Regarding the source profiles that displayed sig-
nificant spatial variability, it would be useful to characterize them based
not only on the type of source but also on the type of receptor site for
which they are used. For example, Traffic or non-Exhaust might not be
enough to fully describe the source, but a characterization such as Urban
Background Traffic might be more appropriate. It should be noted that,
when examining a source profile and respective contribution to PM, the
other sources should be also taken into account, since the model pro-
vides a solution including all contributions that are summed to 100%,
meaning that whatever affects one factor directly affects the others.
All sources have higher mass contributions in TR site, with the
highest difference observed for the two traffic related sources (Exhaust
and non-Exhaust Emissions) and Biomass Burning. Biomass burning
contribution in TR site is highly affected by a very high contribution due
to a forest fire on the outskirts of Athens on the summer of 2013. All
these sources are referring to combustion processes and all three have
dissimilar chemical profiles according to the SID test. The high
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difference between the two sites for the traffic related sources was ex-
pected and is attributed to the relative proximity of the sampling point to
the source as well as the higher traffic density in the city center in
comparison to the urban background area where the UB site is located.
Regarding Biomass Burning, TR displays higher contributions even
during the warm season of the year (Fig. 6). The winter-time difference
may be related to the higher population density around the TR site,
which impacts the contribution of residential biomass burning. On the
other hand, the increased summer-time Biomass Burning contributions
cannot be attributed to local biomass burning inside the urban
agglomeration. This finding rather suggests that TR is more affected
than UB by the long-range transport of biomass burning aerosol from
rural areas around Athens or further away or/and that there is a level of
mixing of Biomass with other combustion sources. It is known from
other studies that it is common for sources that have a large number of
common tracers (such as different type of combustion processes) to
display a level of mixing (Manousakas et al., 2015), which might be
reflected to the source contributions.

Natural sources (Sea Salt and Mineral Dust) display lower differences
regarding the mass contributions compared to anthropogenic sources;
this is expected due to the non-local character of these sources inside the
urban agglomeration. It should be noted that Sulfates displayed the
lowest spatial variability (almost identical mass contributions at the two
sites). Sulfates have been found to have similar concentrations in several
areas in the Mediterranean region (Argyropoulos et al., 2012), high-
lighting the regional character of these secondary aerosol species.

To evaluate the correlation of the 24 h source contribution time se-
ries at the two sites, the Pearson correlation coefficients were calculated.
The results are presented in Table 3.

High correlation coefficients were obtained in the case of Mineral
Dust (only PMjg), Sea Salt and Sulfates and Organics, all three sources
displaying also the lowest spatial variability with respect to contribution
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levels. The 24 h contributions of the remaining sources at the two sites
do not appear to be correlated, with the exception of non-Exhaust
emissions that display moderate correlation for PMjo. The fact that
even though the source profiles of non-exhaust emissions from the two
sites are not correlated but the contributions in PM;( present a moderate
correlation may indicate the effect that the distance from the source to
the receptor has on this source.

To investigate if wind speed can affect the mixing levels in Athens
Metropolitan area and thus increase the correlation between the con-
tributions of the sources in the two sites, the Pearson correlations were
calculated only for the days that the wind speed was higher than 2 m/s.

The only source that appears to be affected by the wind speed is
Heavy Oil Combustion which displays higher correlation in this case.
Heavy Oil combustion displayed similar source profiles at the two sites
possibly indicating a regional character for this source. The correlation
observed between source contributions during high wind speeds (>2 m/
s) further supports that the origin of this source is outside the urban
agglomeration (i.e. industrial and shipping emissions).

3.3. DeltaSA tool

The Non-Exhaust is coherent with traffic and road dust according to
SID but not Pearson Distance. The analysis confirms the allocation for TR
site. For UB site according to the tool the profile is coherent with steel
plant, fertilizer, fly ash, road dust and power plant according to SID but
not Pearson Distance. The analysis confirms the allocation but the pro-
file seems to have some noise which is attributed to the distance of the
source to the receptor site.

Mineral dust is coherent with volcanic soil, soil, road, construction
and fly ash according to both SID and PD for both sites. The allocation is
confirmed.

Exhaust profile is coherent with exhaust, biomass burning, wood
burning and diesel according to both SID and PD for both sites. The
closest is exhaust so the allocation is confirmed. However, there is not
clear distinction from biomass burning, likely due to the lack of more
specific markers (e.g. levoglucosan).

Heavy oil is coherent with fuel oil, steel plant and powerplant ac-
cording to SID but not PD for UB site. Fuel oil is the closest, the allo-
cation is confirmed. For TR site is coherent with exhaust according to
both SID and PD. This indicates, as discussed earlier, that the over-
whelming contribution of traffic in the TR site leads to mixed profiles
with other combustion sources.

Biomass is coherent with exhaust, biomass burning, wood burning,
traffic and diesel according to both SID and PD for TR site. The allocation
is confirmed, however, also the closeness to the exhaust profile is
evident also in the results of DeltaSA tool. Biomass in UB site is coherent
with power plant, ceramic, industry, fertilizer, waste, and coal according
to SID. As discussed in a previous section, the fact that the Biomass
profile of the UB site presents similarity with waste incineration profile
more than that of clean biomass burning is attributed to the fact that due
to the economic crisis in Greece, people were burning treated wood for
domestic heating releasing toxic metals in the atmosphere (As, Pb, Cd).

Sea Salt is coherent with marine salt for both SID and PD for both
sites. Allocation confirmed. All other sources (Nitrates, Sulfates and
Aged Sea Salt) are secondary sources and therefore not suitable to be
tested with this method.

4. Conclusions

The aim of the study is to provide a comparison between the sources
of two sites inside an urban agglomeration. One urban background site
(UB) and one traffic site (TR). The comparison is not focused in the
contributions of the sources, but on more qualitative characteristics of
the source profiles. To quantify the differences of the source profiles, two
statistical indicators were used, Pearson correlation (PC) and Stand-
arized Identity Distance (SID).
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According to PC coefficients five out of the eight source profiles
present high correlation (Mineral Dust, Biomass Burning, Sea Salt, Sul-
fates and Heavy Oil Combustion), one presented moderate correlation
(Exhaust) and two low/no correlation (non-Exhaust, Nitrates/Aged Sea
Salt). The source profiles that appear to be more correlated are those of
sources that are not expected to have high spatial variability because
there are either natural/secondary or are emitted outside the urban
agglomeration and are transported to both sites.

The results according to SID are similar to Pearson with the exception
of Biomass Burning which according to SID has dissimilar source profiles
at the two sites. This disagreement between the two tests is explained by
the fact that SID takes all the species equally into account and is not only
affected by a few number of species with very high concentrations.

Both tools have been proven to be effective for the comparison of
source profiles, and both can be useful depending on the situation. SID is
sensitive to the differences that result from all species in the factor, while
PC is sensitive only to the species with high contributions. If the analyst
bases the identification of the factor only in the “main tracers” (species
with high concentrations in the factors), then PC is an effective tool. The
problem with that approach is that what is some times considered as
“noise” (species with low concentration) in the factor profiles, is not
always an artifact of the modeling process, and it often provide infor-
mation about real differences in the factors. What is suggested here, is
the complementary use of both tools, and if an agreement is not ach-
ieved (as it was the case for biomass burning in the current study), then
the user should carefully examine what species cause this disagreement,
and how important are to the factor identification. If the criteria (SID<1
and PC > 0.6) from both tools are met at the same time, then it can be
safely concluded that the profiles are very similar or identical.

As far as the comparison between the contributions is concerned, all
sources have higher mass contribution in TR site. The sources that have
the highest difference regarding their mass contributions are the two
traffic related sources (Exhaust and non-Exhaust Emissions) and
Biomass Burning. To evaluate the correlation of the 24 h source
contribution time series of the sources, the Pearson correlations were
calculated. The natural sources (Mineral Dust, Sea Salt and Sulfates and
Organics) present high correlation in both PM fractions except Mineral
Dust that presents low correlation for PM2.5. Pearson correlations for
the 24 h contributions only for the days with wind speed higher than 2
m/s, revealed that wind speed does not affect the relationship between
the sources at the two sites with the exception of Heavy Oil Combustion.

This work is, to the best of our knowledge, the first time a quanti-
tative comparison of the source profiles is carried out for sites inside the
same urban agglomeration using statistical indicators. Since in many
cases researchers combine datasets from different sites in order to have
enough data to perform source apportionment analysis, it is very
important to have information regarding the differences that exist along
the chemical trails (plumes) of the sources, when the samples are
collected on sites located close to each other but with different
characteristics.

The fact that most of the profiles are so similar even though the runs
are different for each site is an indication of the robustness of the model
results. The differences in the chemical profiles of sources that have
spatial variability suggest that the characterization of source profiles
should refer also to the area of the study and not only to the type of
source to which it was attributed. For example, Traffic or non-Exhaust
might not be enough to fully describe the source, and a characteriza-
tion such as Urban Background Traffic might be more appropriate. In
any case, regardless of the type or the place of a source apportionment
study, it is necessary to examine the model solution as a whole and not
focus on its different parts, as the models always provide contributions
that are summed to 100%, meaning that whatever happens to one factor
directly affects the others.
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