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1 Scope

The scope of the present report is 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 diffeesninsit

each city (traffic, urban background and rural, see Tabl@ Wwere chemically analyzed for ions,
metals, organic/elemental carbon (OC/EC) and Polycyclic Aromatic Compounds (PAHs). The chemical
composition data were inserted in PMF (Positive Matagtérization) and PCA (Principal Component
Analysis) models with the scope of identifying the main groups of sources and estimating their
contribution to PM2.5 concentrations.

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

Cities

(responsible Traffic Urban Background Regional
partner)
Ath Aliartos
ens . :
(NCSRD) Marousi A PRTEEEY Distance from city center: 101
Km
Y20SGAO0S
Brno (MU) Brno-Svatoplukova Brno-Lany Distance from city centre: 13(
km
Liubli TETOI; Zadobrova
Jubljana _ _
Jsl) MOLC Vosnjakova ARSQ; Bezigrad Distance from city center: 7
km
Madri : : : , :
(Ig((j:”c:) E. Aguirre station Farolillo station Casa de Campo station
Neochor
Thessaloniki 1) Egnatia 1) Stavroupoli eochorouda
(AUTH) 2) University campus 2) Eptapyrgio Distance from city center:

15km




D3.4 - Report on results of source apportionment in all participating
cities

© WP3: Integrated atmospheric modelling for o
connecting pressures to the environment to Security: PU
concentrations at the regional and urban scales
Author(s): D. Saraga, Th. Maggos Version: Final 1 |5/40

2 Introduction

Source Apportionment (SA) is the practice of deriving information about pollution sources and the
amount theycontribute to ambient air pollution levels based on the composition or fingerprints of
the sources. One of the SA main approaches is receptor modeling. Reoeptied models (also
known as receptor models (RMs)) apportion the measured mass of an aterisgiollutant 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 fromaddl
measurements, including estimatisnof 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, Ao@gative 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 taBPF analysis background is described in detail by Paatero,
1997. In brief, the facdr model can be written as

X=GF+E (1)

where Xis the knownnxm matrix of them measured chemical species insamples.Gis annxp
matrix of thep sources contributions to the samples (time variations)s apxm matrix of source
compositions (source profiles). Bothand Fare factor matrices to be determineéis defined as a
residual matrix, i.e., the difference between the measurem¥rgnd the modelY as a function of
factorsGandF.

p
e =X~ yij =X - a Oi fkj (I ::L....,n;j :]_,,m,kZl,,p)
ket )

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 eleme@sund Fto be
non-negative; meaning that sources cannot have riegaspecies concentratiorlik(2 0) and samples
cannot have a negative source contributiap { 0). The task of PMF analysis can thus be described
as to minimizeQ, which is defined as

QE)=A A (/)
i=1 j=1 (3)

with ;2 0; gy 0 ands; is the error estimate fox;.

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 (Paatend Hopke, 208). 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 zeo 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.
¢KS Y2RSt FLWX AOFIGAR2Y 2y al RNARQ&a RIFGF KIF&a y2i
analysis is in progress.

PM2.5 samples collected during the ICARUS measneoampaigns were analyzed for 27 PAHSs, 24
trace elements, anions (CNOy, SQ”), elemental and organic carbon (EC, Gizjtions and PAHs
from some cities were missing. Tal3d presents the available data which were used to run models
for each city.

Table3.15F GF F@F At oAt AGe F2NJ a2dzNOS LR NIA2YYSy (i
PM mass
concentration anions cations metals PAHs OCEC
city site period
Athens regional winter \% \Y \Y partly Vv
traffic winter Vv \% \Y \Y \%
urban backgr.| winter V \ \% \% V
Brno regional winter \Y \% V partly \Y
traffic winter \'% \% V \'% \'%
urban backgr.|winter V \% \% \% V
Lubliana |regional winter V V \% \%
traffic winter V \% V \'% \'%
urban backgr.|winter V \% \% \% V
Madrid regional winter V \% \%
traffic winter \% \% \
urban backgr.|winter V \% V
Thessalonilregional winter Vv \% \% \%
traffic winter Vv \% \% \%
urban backgr.|winter V \% \% V

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@RB8 LI NBYy Ss . Syl 203IKABLISNEf SYyS0 41 &
For avoiding double mass counting, either S o' S@s excluded from the afysis. Depending on

iKS OF&asSsy WolRQ aLSO0ASaE ¢gSNB SEOfdZRSR FTNBY (KS
hy GKS 20KSNJ KI'yRYX RSLISYyRAy3I 2y GKS OlFasSz az2ys
signal/noise ratio (S/N) or/and bad scaleskiduals (ématrix). 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 witihalhef the detection it

and missing concentration data were substituted with the median value (Polissar et al., 2001). The
modeling extra uncertainty was adjusted tel8%.
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Thirty runs were performed for each factor, in order to obtairv&ue stability. All runs converged

and Q values ranged between +1.2%. In each case, #fub @t value was lower than 1.5 times the

Q-true value, indicating that outliers are not significantly impacting the Q value. The optimal humber

of factors was determined by examining the Q values MFRolutions resulting from a range of the

-number of factors @ £ dz8a A GK2dzi SEOf dZRAY3I GKS az2fdziazyQ:
were examined with different number of factors-8 in each case, and the solution of meaningful

sources was setted. 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 thediap and Fpeak runs in order to

examine the stability and the rotational ambigudf/the solution, respectively.

3.3 PMF Results

There was a good correlation between the moegetdicted and the real PM2.5 mass (r>0.8) in all
cases. In the following theesults 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 irfive sources/groups of sources for the traffite in Athens. Figure3.la-e present
the factor profiles in>g m*and % contribution. Figur8.2 presents the % contribution of the five
factors/sources to the measured PM2.5 concentration.
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Factor 1lis strongly associated thi Cu, Zn, Plwhich are tracers ofhdustrial emissiors or/and non-
exhaust traffic emissionge.g. brake and tire wear, combustion of lubricating oil). This factor
contributesup to 11.4%of the measured PM2.5 at the traffic site of Athens.

Factor 2is characterized by high percentages (>50%¢gdbride, nitrate and sulfate ionsas well as

an amount oforganic carbon25%). which reveal secondary aerososource probably mixed with a

sea saltsource. In presence of specific tracers (e.g. ammonium, sodium), this factor would be split
into two sources. This factor accounts #%.5%of the measured PM2.5 at the traffic site of Athens.

The high shares @&a, Fe, Tin Factor 3imply the crustakource origin of particles (nhatural source),
combined with anthropogenic dust sources such as elemental materials emitted from vehicles brake
pads, tiresand mechanical parts and comprises timneralroad dustsource (Waked et al., 2014;
Lucarelli et a].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,
thistraffic-related factor contributesto 28.8 %of the measurd PM2.5 at the traffic site of Athens.

Factor 4reveals a naturabrigin source omineral dustas it is traced by significant percentage<af,
K, Ti, FeThe contribution of this source to the measured PM2.5 levels at the traffic site ig 8% (

Fnally, Factor 5is strongly associated witPAHs, K and O@hich are characteristibiomass
burning/combustion tracers. While carbonaceous fractions are major components in combustion
related sources, the OC/EC ratio is considered as a robust diagnoktiorass burning. Indeed, the
observed ratio value lies within the range-@® found in other Mediterranean cities (Amato et al.,
2016) while also being observed in wood burning emissions (Fine et al., Rd®1yorth mentioning

that since 2010, Greekitizens have used alternative heating fuels, such as wood, due to the
economic crisis and the increased price of diesel Tilis factor accounts for the quite high
percentage 0f30.5% of the measured PM2.5, which is expected during winter time (domestic
heating)(Sarigiannis et al., 2018araga et al., 2015)

biomass industrial/non-
burning-/combu — exhaust traffic
stion emissions
30.5% 11.4%
\secondary/sea
salt
24.5%

mineral dust
4.8%
road dust
28.8%

Figure3.2. % 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 irfour sources/groupof sources for the urbamackgroundsite in Athens. Figures
33adLINBaSy il (KS T GadRobdontd®ichAFigBasd prasghts tha % tontribution
of the four factors/sources to the measured PM2.5 concentration.
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Figures Ba-d. FactollJNE T A f S and % ygontribationyfor the urban background site in Athens.
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Factor 1lcorresponds to a mixed traffic: the high percentages (>50%lofide, nitrate and sulfate
ions reveal asecondary aerosokource mixed with ssea saltsource. On he other hand, the
presence of the two carbonaceous fractions (OC,da6)be associated wittraffic emissionsThis
mixed factor accountsfor the quite high percentage d0.2%6 of the measured PM2.5 at therban
backgroundsite of Athens.

Factor 2 is associated witlPAHs, K(84% and 54% respectivelghd OCwhich are characteristic
biomass burning/combustiortracers. This factor accounts fti.9% of the measured PM2.&t the
urban background site of Athens.

Factor 3is characterized by high perneagesof Cu, Pband could correspondo non-exhaust traffic
emissions ts contribution to PM2.5 i8.1%.

Factor 4reveals a source ofrustal origin Ca, K, Tienriched with traffic tracersgC, O and
therefore is corresponded twoad dust (Waked et &, 2014; Lucarelli et al., 2004)his factor
contributesto 19.5 %of the measured PM2.5 at the urban background site of Athens.

road dust
19.6%

n.e. traffic_____
emissions
8.1%

/// 4

secondary/sea
biomass burning/ salt/traffic
combustion 60.4%

11.9%

Figure3.4. % contribution of the four factors/sources to the measured PM2.5 concentration for the
urban background siten Athens.




D3.4 - Report on results of source apportionment in all participating

cities
© WP3: Integrated atmospheric modelling for o
connecting pressures to the environment to Security: PU

concentrations at the regional and urban scales
Author(s): D. Saraga, Th. Maggos Version: Final 1 |13/40

3.3.1.c Athens rural site

PMF resulted iffive sources/groups of sourcefor the rural site in Athens. Figure3.5a-e present
G§KS T O 2 NgnlaiNBeTcantrifution. Figur®® presents the % contribution of the five
factors/sources to the measured PM2.5 concentration.
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Factor lreveals a naturabrigin source omineral dustas it is traced by significant percentage<Caf
and Mg The contribution of this source to the measured PM2.5 levels at the rural sit@%sIt
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should be noticed thathe crustal source appears to be split into two dusiated sources: one of
the natural mineral sourc€Factorl) and another of road dust (Factor 4).

Factor 2is characterized by high percentages (>50%ghtdride, nitrate and sulfate ionsas well as
an amount oforganic carbon25%). which reveal secondary aerosasource probably mxed with a
sea saltsource. In presence of specific tracers (e.g. ammonium, sodium), this factor would be split
into two sources. This factor accounts for 8% of the measured PM2.5 at theiral site of Athens.

Factor 3 is strongly associated withPAHs and K which are characteristic biomass
burning/combustiontracers. This factor accounts for ti€.9%of the measured PM2.5 and can be
both related to domestic heating and agricultural activities.

Factor 4reveals the crustal origin of the sourdgq, T, Mg) enriched with traffic/industrial emission
tracers Fe, EC, OC, Mn,)Nind therefore is matched twad dust(Waked et al., 2014; Lucarelli et al.,
2004) This factor contributes fd@4.1 %of the measured PM2.5 at the rural site of Athens.

Finally, Factor 5is strongly associated witu, Zn, Phwhich are tracers ofndustrial emissions
or/and non-exhaust traffic emissionge.g. brake and tire wear, combustion of lubricating oil). This
factor contributes theB.1 %of the measured PM2.5 at érural site of Athens.

industrial/non-
—_ )
exhaust traffic mineral dust
0,
emissions 19.0%
8.1%
road dust
34.1%
biomass secondary/sea
. salt
burning/
L 27.9%
combustion
10.9%

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 thresources/groups of sourcdsr the traffic site in BrnoFigures 3.7a-c present
G§KS FI OG22 NJ 1ania coritriSulion. AFigurd8 Bres¥nts the % contribution of the three
factors/sources to the measured PM2.5 concentration.
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Figure3.7a0® CI O 2 NJ EaN@%cdnfriliiion fbryhe trafic sife in Brno.

Factor 1lis strongly associated witGu, Zn, PbOC, EC, Fe, Mn,which are tracers oéxhaustand
non-exhaust traffic emissionsThe presence dfitrate and sulfate ions reveals that this factor may
also includeand secondary aerosol sourcén presence of specific tracers (e.g. ammonium, sodium),
this factor would be split into two sources. This factor accounts fodth&%of the measured PM2.5

at the traffic site of Brno.
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Factor 2reveals the crustal origin of the sourdeq, Ti, Mg, K, Fend corresponds tmineral dust
This factor contributes fot3.9 %of the measured PM2.5 at the traffic site of Brno.

Finally, Factor 3 is associated withPAHs, K, EC and O#hich are chara@ristic biomass
burning/combustiontracers. It also includes a part of a secondary aerosol sounitratg, sulfate).
This factor accounts for the quite high percentage3® 4% of the measured PM2.5, which is
expected during winter time (domestic heating)

biomass
burning/combu traffic/
stion secondary
39.4% 46.7%
mineral dust
13.9%

Figure3.8. % 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 ithree sources/groups of source®r the urban backgroundsite inBrno. Figures3.9a-
cLINBaSyid GKS 7T Bdn@miohtid@ianAFig&#i10 gregents e % contribution of
the three factors/sources to the measured PM2.5 concentration.
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Figure39a0® CI O 2 NJ LaN@% doritrBution Xoy'the>uidin batkground site in Brno.

Factorl reveals the crustal origin of the sourded, TiMg) enriched with traffic/industrial emission
tracers Fe, EC, Zn, Cand therefore is matched tmad dust(Waked et al., 2014; Lucarelli et al.,
2004) This factor contributes fot5.6 %of the measured PM2.5 at the urban background site of
Brno.
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Factor 2is strongly associated withn, PhOC, EC, Fe, MRAHs Kwhich are tracers oéxhaustand
non-exhaust traffic emissionsThis factor accounts fahe 25.7% of the measured PM2.5 at the

urban background site of Brno.

Finally, Factor 3is associated withPAHs, K, EC and O#hich are characteristidoiomass
burning/combustion tracers (Amato et al., 2016; Fine et al., 2001)also includesa part of a
secondary aerosol sourceiffate, sulfate). This factor accounts for the quite high percentagé&i%
of the measured PM2.5, which is expected during winter time (domestic heating).

traffic/
secondary
biomass 46.7%
burning/co \
mbustion/se ‘
condary '\:,;::_ \

58.7% traffic
25.7%

Figure3.10. % contribution of the three factors/sources to theeasured PM2.5 concentration for
the urban backgroundgite inBrno.
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3.3.2.c Brno rural site

PMF resulted inhree sources/groups of sources for tharal site inBrna Figures3.11a-c present
G§KS T 062 N eiNBsEdniriitonFigyfe3.:2 presents the % contribution of thearee
factors/sources to the measured PM2.5 concentration.

Figure3.11a0® CI Ol 2 NJ CaNa@% dofitrBuétion Xoy'thesrusal site in Brno.

Factorl reveals the crustal origin of the sourc8g, Tj and corresponds tanineral dustcombined
with industrial emissiongMn, CJ. This factor contributes f08.9% of the measured PM2.5 at the
rural site of Brno.



































































