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1 Scope  

The scope of the present report is to present the results from the source apportionment methods 
application on PM2.5 data collected in four European cities (Athens, Brno, Ljubljana and Thessaloniki) 
in the frame of ICARUS project. In particular, PM2.5 samples collected from three different sites in 
each city (traffic, urban background and rural, see Table 1.1) were chemically analyzed for ions, 
metals, organic/elemental carbon (OC/EC) and Polycyclic Aromatic Compounds (PAHs). The chemical 
composition data were inserted in PMF (Positive Matrix Factorization) and PCA (Principal Component 
Analysis) models with the scope of identifying the main groups of sources and estimating their 
contribution to PM2.5 concentrations. 

Table1.1. ICARUS monitoring sites in Athens, Brno, Ljubljana, Madrid and Thessaloniki. 
 

 
Monitoring sites 

Cities 
(responsible 

partner) 

Traffic Urban Background Regional 

Athens 
(NCSRD) 

Marousi Ag. Paraskevi 

Aliartos 

Distance from city center: 101 
Km 

Brno (MU) Brno-Svatoplukova Brno-Lány 

YƻǑŜǘƛŎŜ 

Distance from city centre: 130 
km 

Ljubljana 
(JSI) 

MOL ς Vosnjakova ARSO ς Bezigrad 

TETOL ς Zadobrova 

Distance from city center: 7 
km 

Madrid 
(ISCIII) 

E. Aguirre station Farolillo station Casa de Campo station 

Thessaloniki 
(AUTH) 

1) Egnatia 

2) University campus 

1) Stavroupoli 

2) Eptapyrgio 

Neochorouda  

Distance from city center: 
15 km 
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2 Introduction  

Source Apportionment (SA) is the practice of deriving information about pollution sources and the 
amount they contribute to ambient air pollution levels based on the composition or fingerprints of 
the sources. One of the SA main approaches is receptor modeling. Receptor-oriented models (also 
known as receptor models (RMs)) apportion the measured mass of an atmospheric pollutant at a 
given site, called the receptor, to its emission sources by using multivariate analysis to solve a mass 
balance equation. These tools have the advantage of providing information derived from real-world 
measurements, including estimations of output uncertainty. Depending on the knowledge about 
emission sources there is a wide range of receptor models available from multivariate models like 
PCA (principal component analysis) and PMF (positive matrix factor), if the knowledge about the 
emission source is limited, up to regression models and CBM (chemical mass balance) models, if the 
knowledge about the emission sources is complete. 
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3 Positive Matrix Factorization (PMF)  

 

3.1 PMF Mathematical background 

PMF introduces a weighting scheme taking into account errors of the data points, which are used as 
point-by-point weights. Adjustment of the corresponding error estimates also allows it to handle 
missing and below detection limit data. Moreover, non-negative constraints are implemented in 
order to obtain more physically meaningful factors. The latest PMF version available by USEPA (PMF 
5.0) has been used in the present task. PMF analysis background is described in detail by Paatero, 
1997. In brief, the factor model can be written as 

X = GF + E, (1) 

where X is the known n×m matrix of the m measured chemical species in n samples. G is an n×p 
matrix of the p sources contributions to the samples (time variations). F is a p×m matrix of source 
compositions (source profiles). Both G and F are factor matrices to be determined. E is defined as a 
residual matrix, i.e., the difference between the measurement X and the model Y as a function of 
factors G and F. 

),...,1;,...,1;,....,1(
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The objective of PMF is to minimize the sum of the squares of the residuals weighted inversely with 
error estimates of the data points. Furthermore, PMF constrains all of the elements of G and F to be 

non-negative; meaning that sources cannot have negative species concentration (fkj
²0) and samples 

cannot have a negative source contribution (gik
²0). The task of PMF analysis can thus be described 

as to minimize Q, which is defined as 

2
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with fkj
²0; gik

²0 and sij is the error estimate for xij.  

In some cases other auxiliary equations can be added in order to include a priori information such as 
well-known chemical profiles for certain sources (Paatero and Hopke, 2009). The auxiliary equations 
can be applied to the selected solution in the form of constraints, which can lead to a free rotation of 
the solution with better physical meaning than the original one. Further, a number of rotations 
blocking zero values can be introduced to the matrix increasing the rotational stability of the solution. 
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3.2 Data pre-treatment, analysis of input data and model runs 

EPA PMFv.5 model was run for the three sampling sites (rural, traffic and urban background) of 
Athens, Thessaloniki, Brno and Ljubljana cities. Data from the winter sampling periods were used. 
¢ƘŜ ƳƻŘŜƭ ŀǇǇƭƛŎŀǘƛƻƴ ƻƴ aŀŘǊƛŘΩǎ Řŀǘŀ Ƙŀǎ ƴƻǘ ōŜŜƴ ŎƻƳǇƭŜǘŜŘ ȅŜǘ ōŜŎŀǳǎŜ ǎŀƳǇƭŜǎ ŎƘŜƳƛŎŀƭ 
analysis is in progress. 

PM2.5 samples collected during the ICARUS measurement campaigns were analyzed for 27 PAHs, 24 
trace elements, anions (Cl-, NO3

-, SO4
2-), elemental and organic carbon (EC, OC). Cations and PAHs 

from some cities were missing. Table 3.1 presents the available data which were used to run models 
for each city.  

Table 3.1. 5ŀǘŀ ŀǾŀƛƭŀōƛƭƛǘȅ ŦƻǊ ǎƻǳǊŎŜ ŀǇǇƻǊǘƛƻƴƳŜƴǘ ƳƻŘŜƭǎΩ ŀǇǇƭƛŎŀǘƛƻƴ 

 

However, for the input to the model matrix, lighter PAHS were excluded due to their volatilization 
and a sum of the heaviest (Benzo[b]fluoranthene, Benzo[k]fluoranthene, Benzo[e]pyrene, 
Benzo[a]pyrene, Indeno[1,2,3-ŎŘϐǇȅǊŜƴŜΣ .ŜƴȊƻώƎƘƛϐǇŜǊȅƭŜƴŜύ ǿŀǎ ƛƴǎŜǊǘŜŘ ŀǎ ƻƴŜ ǎǇŜŎƛŜΣ Ψ{t!IǎΩΦ 
For avoiding double mass counting, either S or SO4

2- was excluded from the analysis.  Depending on 
ǘƘŜ ŎŀǎŜΣ ΨōŀŘΩ ǎǇŜŎƛŜǎ ǿŜǊŜ ŜȄŎƭǳŘŜŘ ŦǊƻƳ ǘƘŜ ŀƴŀƭȅǎƛǎ ŘǳŜ ǘƻ ǘƘŜ ƘƛƎƘ ǇŜǊŎŜƴǘŀƎŜ ƻŦ ƳƛǎǎƛƴƎ ǾŀƭǳŜǎΦ 
hƴ ǘƘŜ ƻǘƘŜǊ ƘŀƴŘΣ ŘŜǇŜƴŘƛƴƎ ƻƴ ǘƘŜ ŎŀǎŜΣ ǎƻƳŜ ǎǇŜŎƛŜǎ ǿŜǊŜ ǎŜǘ ŀǎ ΨǿŜŀƪΩ ŘǳŜ ǘƻ ǘƘŜƛǊ ƭƻǿ 
signal/noise ratio (S/N) or/and bad scaled residuals (d-matrix). Finally, outliers were excluded from 
the analysis. Concentration data below the detection limit (the maximum reported detection limit 
was used as a conservative limit for all samples) was substituted with one-half of the detection limit 
and missing concentration data were substituted with the median value (Polissar et al., 2001). The 
modeling extra uncertainty was adjusted to 8-10%.  

PM mass 

concentration anions cations metals PAHs OCEC

city site period 

Athens regional winter V V V partly V

traffic winter V V V V V

urban backgr. winter V V V V V

Brno regional winter V V V partly V

traffic winter V V V V V

urban backgr. winter V V V V V

Lubliana regional winter V V V V

traffic winter V V V V V

urban backgr. winter V V V V V

Madrid regional winter V V V

traffic winter V V V

urban backgr. winter V V V

Thessaloniki regional winter V V V V

traffic winter V V V V

urban backgr. winter V V V V
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Thirty runs were performed for each factor, in order to obtain Q-value stability. All runs converged 
and Q values ranged between ±1.2%. In each case, the Q-robust value was lower than 1.5 times the 
Q-true value, indicating that outliers are not significantly impacting the Q value. The optimal number 
of factors was determined by examining the Q values for PMF solutions resulting from a range of the 
-number of factors- ǾŀƭǳŜǎ ǿƛǘƘƻǳǘ ŜȄŎƭǳŘƛƴƎ ǘƘŜ ǎƻƭǳǘƛƻƴΩǎ ǇƘȅǎƛŎŀƭ ǾŀƭƛŘƛǘȅΦ ! ǊŀƴƎŜ ƻŦ ǎƻƭǳǘƛƻƴǎ 
were examined with different number of factors (3-8) in each case, and the solution of meaningful 
sources was selected. A limitation of PMF is that if factors number increases from the optimal, some 
factor profiles are split to profiles with no physical meaning, while the rotational instability of the 
solution increases significantly. The two final steps were the bootstrap and Fpeak runs in order to 
examine the stability and the rotational ambiguity of the solution, respectively.  

 

3.3 PMF Results  

There was a good correlation between the model-predicted and the real PM2.5 mass (r>0.8) in all 
cases. In the following the results from PMF application for each site/city are presented. 

3.3.1 PMF results for Athens 

3.3.1.a Athens traffic site 
 

PMF resulted in five sources/groups of sources for the traffic site in Athens. Figures 3.1a-e present 
the factor profiles in ˃ g m-3 and % contribution. Figure 3.2 presents the % contribution of the five 
factors/sources to the measured PM2.5 concentration. 
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Figures 3.1.a-e. FŀŎǘƻǊ ǇǊƻŦƛƭŜǎ ƛƴ ˃Ǝ Ƴ-3 and % contribution for the traffic site in Athens. 
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Factor 1 is strongly associated with Cu, Zn, Pb which are tracers of industrial emissions or/and non-
exhaust traffic emissions (e.g. brake and tire wear, combustion of lubricating oil). This factor 
contributes up to 11.4 % of the measured PM2.5 at the traffic site of Athens.   

Factor 2 is characterized by high percentages (>50%) of chloride, nitrate and sulfate ions as well as 
an amount of organic carbon (25%). which reveal a secondary aerosol source probably mixed with a 
sea salt source. In presence of specific tracers (e.g. ammonium, sodium), this factor would be split 
into two sources. This factor accounts for 24.5% of the measured PM2.5 at the traffic site of Athens.   

The high shares of Ca, Fe, Ti in Factor 3 imply the crustal source origin of particles (natural source), 
combined with anthropogenic dust sources such as elemental materials emitted from vehicles brake 
pads, tires and mechanical parts and comprises the mineral-road dust source (Waked et al., 2014; 
Lucarelli et al., 2004). The ratio of OC/EC is lower than 0.7, which accordingly to previous studies (El 
Haddad et al., 2009; Amato et al., 2011; Waked et al., 2014) reveals traffic exhausts emissions. Thus, 
this traffic-related factor contributes to 28.8 % of the measured PM2.5 at the traffic site of Athens.   

Factor 4 reveals a natural-origin source of mineral dust as it is traced by significant percentages of Ca, 
K, Ti, Fe. The contribution of this source to the measured PM2.5 levels at the traffic site is low (4.8%). 

Finally, Factor 5 is strongly associated with PAHs, K and OC which are characteristic biomass 
burning/combustion tracers. While carbonaceous fractions are major components in combustion-
related sources, the OC/EC ratio is considered as a robust diagnostic of biomass burning. Indeed, the 
observed ratio value lies within the range (2-6) found in other Mediterranean cities (Amato et al., 
2016) while also being observed in wood burning emissions (Fine et al., 2001). It is worth mentioning 
that since 2010, Greek citizens have used alternative heating fuels, such as wood, due to the 
economic crisis and the increased price of diesel oil. This factor accounts for the quite high 
percentage of 30.5% of the measured PM2.5, which is expected during winter time (domestic 
heating) (Sarigiannis et al., 2014; Saraga et al., 2015).  

 

Figure 3.2. % contribution of the five factors/sources to the measured PM2.5 concentration for the 
traffic site in Athens. 
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3.3.1.b Athens urban background site 
PMF resulted in four sources/groups of sources for the urban background site in Athens. Figures 
3.3a-d ǇǊŜǎŜƴǘ ǘƘŜ ŦŀŎǘƻǊ ǇǊƻŦƛƭŜǎ ƛƴ ˃Ǝ Ƴ-3 and % contribution. Figure 3.4 presents the % contribution 
of the four factors/sources to the measured PM2.5 concentration.  

 

Figures 3.3a-d. Factor ǇǊƻŦƛƭŜǎ ƛƴ ˃Ǝ Ƴ-3 and % contribution for the urban background site in Athens. 
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Factor 1 corresponds to a mixed traffic: the high percentages (>50%) of chloride, nitrate and sulfate 
ions reveal a secondary aerosol source mixed with a sea salt source. On the other hand, the 
presence of the two carbonaceous fractions (OC, EC) can be associated with traffic emissions. This 
mixed factor accounts for the quite high percentage of 60.2% of the measured PM2.5 at the urban 
background site of Athens.   

Factor 2 is associated with PAHs, K (84% and 54% respectively) and OC which are characteristic 
biomass burning/combustion tracers. This factor accounts for 11.9% of the measured PM2.5 at the 
urban background site of Athens.   

Factor 3 is characterized by high percentages of Cu, Pb and could correspond to non-exhaust traffic 
emissions. Its contribution to PM2.5 is 8.1%. 

Factor 4 reveals a source of crustal origin (Ca, K, Ti) enriched with traffic tracers (EC, OC) and 
therefore is corresponded to road dust (Waked et al., 2014; Lucarelli et al., 2004). This factor 
contributes to 19.5 % of the measured PM2.5 at the urban background site of Athens.   

 

Figure 3.4. % contribution of the four factors/sources to the measured PM2.5 concentration for the 
urban background site in Athens. 
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3.3.1.c Athens rural site 
PMF resulted in five sources/groups of sources for the rural site in Athens. Figures 3.5a-e present 
ǘƘŜ ŦŀŎǘƻǊ ǇǊƻŦƛƭŜǎ ƛƴ ˃gm-3 and % contribution. Figure 3.6 presents the % contribution of the five 
factors/sources to the measured PM2.5 concentration.  

 
Figures 3.5a-ŘΦ CŀŎǘƻǊ ǇǊƻŦƛƭŜǎ ƛƴ ˃Ǝ Ƴ-3 and % contribution for the rural site in Athens. 

Factor 1 reveals a natural-origin source of mineral dust as it is traced by significant percentages of Ca 
and Mg. The contribution of this source to the measured PM2.5 levels at the rural site is 19%. It 
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should be noticed that the crustal source appears to be split into two dust-related sources: one of 
the natural mineral source (Factor 1) and another of road dust (Factor 4).   

Factor 2 is characterized by high percentages (>50%) of chloride, nitrate and sulfate ions as well as 
an amount of organic carbon (25%). which reveal a secondary aerosol source probably mixed with a 
sea salt source. In presence of specific tracers (e.g. ammonium, sodium), this factor would be split 
into two sources. This factor accounts for the 28% of the measured PM2.5 at the rural site of Athens.   

Factor 3 is strongly associated with PAHs and K which are characteristic biomass 
burning/combustion tracers. This factor accounts for the 10.9% of the measured PM2.5 and can be 
both related to domestic heating and agricultural activities. 

Factor 4 reveals the crustal origin of the source (Ca, Ti, Mg) enriched with traffic/industrial emission 
tracers (Fe, EC, OC, Mn, Ni) and therefore is matched to road dust (Waked et al., 2014; Lucarelli et al., 
2004). This factor contributes for 34.1 % of the measured PM2.5 at the rural site of Athens.   

Finally, Factor 5 is strongly associated with Cu, Zn, Pb which are tracers of industrial emissions 
or/and non-exhaust traffic emissions (e.g. brake and tire wear, combustion of lubricating oil). This 
factor contributes the 8.1 % of the measured PM2.5 at the rural site of Athens.   

 

 

Figure 3.6. % contribution of the five factors/sources to the measured PM2.5 concentration for the 
rural site in Athens. 
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3.3.2 PMF results for Brno  

3.3.2.a Brno traffic site 
PMF resulted in three sources/groups of sources for the traffic site in Brno. Figures 3.7a-c present 
ǘƘŜ ŦŀŎǘƻǊ ǇǊƻŦƛƭŜǎ ƛƴ ˃Ǝ Ƴ-3 and % contribution. Figure 3.8 presents the % contribution of the three 
factors/sources to the measured PM2.5 concentration.  

 

Figures 3.7a-ŎΦ CŀŎǘƻǊ ǇǊƻŦƛƭŜǎ ƛƴ ˃Ǝ Ƴ-3 and % contribution for the traffic site in Brno. 

Factor 1 is strongly associated with Cu, Zn, Pb, OC, EC, Fe, Mn, K which are tracers of exhaust and 
non-exhaust traffic emissions. The presence of nitrate and sulfate ions reveals that this factor may 
also include and secondary aerosol source. In presence of specific tracers (e.g. ammonium, sodium), 
this factor would be split into two sources. This factor accounts for the 46.7% of the measured PM2.5 
at the traffic site of Brno.   
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Factor 2 reveals the crustal origin of the source (Ca, Ti, Mg, K, Fe) and corresponds to mineral dust. 
This factor contributes for 13.9 % of the measured PM2.5 at the traffic site of Brno.   

Finally, Factor 3 is associated with PAHs, K, EC and OC which are characteristic biomass 
burning/combustion tracers. It also includes a part of a secondary aerosol source (nitrate, sulfate). 
This factor accounts for the quite high percentage of 39.4% of the measured PM2.5, which is 
expected during winter time (domestic heating).  

 

Figure 3.8. % contribution of the three factors/sources to the measured PM2.5 concentration for the 
traffic site in Brno. 
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3.3.2.b Brno urban background site 

 

PMF resulted in three sources/groups of sources for the urban background site in Brno. Figures 3.9a-
c ǇǊŜǎŜƴǘ ǘƘŜ ŦŀŎǘƻǊ ǇǊƻŦƛƭŜǎ ƛƴ ˃Ǝ Ƴ-3 and % contribution. Figure 3.10 presents the % contribution of 
the three factors/sources to the measured PM2.5 concentration.  

 

Figures 3.9a-ŎΦ CŀŎǘƻǊ ǇǊƻŦƛƭŜǎ ƛƴ ˃Ǝ Ƴ-3 and % contribution for the urban background site in Brno. 

Factor 1 reveals the crustal origin of the source (Ca, Ti, Mg) enriched with traffic/industrial emission 
tracers (Fe, EC, Zn, Cu) and therefore is matched to road dust (Waked et al., 2014; Lucarelli et al., 
2004). This factor contributes for 15.6 % of the measured PM2.5 at the urban background site of 
Brno.   
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Factor 2 is strongly associated with Zn, Pb, OC, EC, Fe, Mn, PAHs, K which are tracers of exhaust and 
non-exhaust traffic emissions. This factor accounts for the 25.7% of the measured PM2.5 at the 
urban background site of Brno.   

Finally, Factor 3 is associated with PAHs, K, EC and OC which are characteristic biomass 
burning/combustion tracers (Amato et al., 2016; Fine et al., 2001). It also includes a part of a 
secondary aerosol source (nitrate, sulfate). This factor accounts for the quite high percentage of 58.7% 
of the measured PM2.5, which is expected during winter time (domestic heating).  

 

Figure 3.10. % contribution of the three factors/sources to the measured PM2.5 concentration for 
the urban background site in Brno. 
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3.3.2.c Brno rural site 
PMF resulted in three sources/groups of sources for the rural site in Brno. Figures 3.11a-c present 
ǘƘŜ ŦŀŎǘƻǊ ǇǊƻŦƛƭŜǎ ƛƴ ˃gm-3 and % contribution. Figure 3.12 presents the % contribution of the three 
factors/sources to the measured PM2.5 concentration.  

 

Figures 3.11a-ŎΦ CŀŎǘƻǊ ǇǊƻŦƛƭŜǎ ƛƴ ˃Ǝ Ƴ-3 and % contribution for the rural site in Brno. 

Factor 1 reveals the crustal origin of the source (Ca, Ti) and corresponds to mineral dust combined 
with industrial emissions (Mn, Cu). This factor contributes for 9.9% of the measured PM2.5 at the 
rural site of Brno.   












































