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Abstract 

 

Impacted by a complex mixture of urban, industrial, shipping and also natural emissions, Marseille, the 

second most populated city in France, represents a very interesting case study for the apportionment 

of PM2.5 sources in a Mediterranean urban environment. In this study, daily PM2.5 samples were 

collected over a one-year period (2011-2012) at an urban background site, and were comprehensively 

analyzed for the determination of organic carbon (OC), elemental carbon (EC), major ions, trace 

elements/metals and specific organic markers. A constrained positive matrix factorization (PMF) 

analysis using the ME-2 (multilinear engine-2) solver was applied to this dataset. PMF results 

highlighted the presence of two distinct fingerprints for biomass burning (BB1 and BB2). BB1, 

assigned to open green waste burning peaks in fall (33%; 7.4 µg m
-3

) during land clearing periods, is 

characterized by a higher levoglucosan/OC ratio, while BB2, assigned to residential heating, shows 

the highest contribution during the cold period in winter (14%; 3.3 µg m
-3

) and it is characterized by 

high proportions from lignin pyrolysis products from the combustion of hardwood. Another interesting 

feature lies in the separation of two fossil fuel combustion processes  (FF1 and FF2): FF1 likely 

dominated by traffic emissions, while FF2 likely linked with the harbor/industrial activities. 

On annual average, the major contributors to PM2.5 mass correspond to the ammonium sulfate-rich 

aerosol (AS-rich, 30%) and to the biomass burning emissions (BB1+BB2, 23%). This study also 

outlined that during high PM pollution episodes (PM2.5 > 25 µg m
-3

), the largest contributing sources to 

PM2.5 were biomass burning (33%) and FF1 (23%). Moreover, 28% of the ambient mass concentration 

of OC is apportioned by the AS-rich factor, which is representative of an aged secondary aerosol, 

reflecting thus the importance of the oxidative processes occurring in a Mediterranean environment.  

  

   

Keywords: Fine particulate matter (PM2.5); comprehensive chemical speciation; source 

apportionment; constrained PMF analysis; biomass burning; fossil fuel combustion; particulate 

pollution episodes 
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1.  Introduction 

 
Over the last decades, particulate matter with an aerodynamic diameter lower than 2.5 µm 

(PM2.5) have gained special attention due to its adverse effects on human health. Several studies have 

demonstrated significant associations between PM2.5 and the increased risk of morbidity and mortality 

(Dockery, 2009; Laden et al., 2000; Pope and Dockery, 2006). The negative health impact of PM 

varies regionally, and might be ascribed to heterogeneity in particles, chemical composition and 

emission sources. As a consequence, a detailed knowledge of the sources of fine PM and a reliable 

method for the source identification and quantification of their contribution to the ambient levels are 

urgently needed to support further political reduction strategies.  

Various types of source receptor models have been developed and widely used to identify the 

sources of PM. For a more detailed description of the principles, strengths and weaknesses of these 

different models the reader can refer to (Belis et al., 2014, 2013; Hopke, 2010; Viana et al., 2008; 

Watson et al., 2008). In the literature, there is a general paucity of complete and representative 

chemical profiles of the PM sources, preventing a wide use of CMB (chemical mass balance) model 

(Watson et al., 1994, 1990). Other multivariate methods such as positive matrix factorization (PMF) 

have been developed by Paatero and Tapper (1994) and applied to quantitative PM chemical 

fingerprints, providing both factor profiles and their corresponding temporal contributions. 

Methodological details of PMF model can be found elsewhere (Paatero, 2004, 1997; Paatero and 

Tapper, 1994). PMF has been extensively used for PM source apportionment studies. While most of 

the PMF analysis were carried out on organic carbon/elemental carbon (OC/EC) and inorganic 

components (i.e. metals/trace elements, and major ions) (Almeida et al., 2015; Bove et al., 2014; 

Cusack et al., 2013; Hwang and Hopke, 2007, 2006; Mazzei et al., 2008; Minguillón et al., 2012a; Pey 

et al., 2013a, 2013b; Schembari et al., 2014; Taiwo et al., 2014), very few studies involving organic 

molecular markers were performed (Callén et al., 2014; Dutton et al., 2010; Heo et al., 2013; Jaeckels 

et al., 2007; Shrivastava et al., 2007; Zhang et al., 2009), and those combining both inorganic and 

organic tracers are even more scarce (Bressi et al., 2014; Callén et al., 2009; Minguillón et al., 2012b; 

Vossler et al., 2016; Waked et al., 2014). However, since the PMF model apportions the sources on 

the basis of the internal correlations among species, co-linearity induced by processes other than 

emissions (i.e. seasonal variations, meteorological influences...) often hampers proper separation of 

the sources. In case of high covariances, the model is typically unable to properly separate two or 

more factors. This was already pointed out in recent studies (Waked et al., 2014). In order to solve the 

PMF problem and to optimize the separation of aerosol sources, reasonable and specific constraints 

based on a priori knowledge of the source compositions can be imposed to the factor profiles and/or 

factor contributions by using the Multilinear Engine-2 (ME-2) solver (Norris and Duvall, 2014; Paatero, 

1999). So far, and to the best of our knowledge, the application of the ME-2 solver to offline PM 

dataset has been only recently used in few studies (Amato et al., 2016; Bozzetti et al., 2017b, 2016; 

Cesari et al., 2016; Daellenbach et al., 2016; Huang et al., 2014).  
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In the Marseille urban area, previous studies estimating the OA sources were limited to one 

intensive field sampling campaign (two weeks in summer 2008), and were performed using two source 

apportionment techniques, i.e. CMB approach coupled to organic markers and metals, and PMF 

model applied to AMS (aerosol mass spectrometer) measurements  (El Haddad et al., 2013, 2011a, 

2011b). The main conclusions highlighted by El Haddad et al. studies were that industrial emissions 

are associated with ultrafine particles (< 80 nm) and high concentrations of PAH (polycyclic aromatic 

hydrocarbons) and heavy metals such as Pb, Ni, and V. Both source apportionment techniques (i.e. 

CMB/markers and PMF/AMS) were in very good agreement and suggested that oxygenated organic 

aerosol (OOA) constituted the major fraction of the organic aerosol (OA), contributing ~ 80% of OA 

mass. Further, 
14

C measurements combined with PMF/AMS data showed that around 80% of such 

OOA is non-fossil in origin, formed via the oxidation of biogenic precursors, including monoterpenes 

(El Haddad et al., 2013).  

Salameh et al. (2015) highlighted air quality concerns in different Mediterranean cities, with 

Marseille being one among the five cities involved in that study. Air quality problems in Marseille 

emerged mainly during the cold season and were attributed to the impact of urban, industrial and 

biomass burning emissions. In order to discriminate which particular sources are worsening air quality 

in Marseille and to quantify the influence of each individual source, a PMF source apportionment is 

performed. The present study aims at investigating the chemical fingerprints of potential PM2.5 sources 

and their contributions to the ambient PM concentration levels over a one-year period (2011-2012). A 

constrained PMF analysis was applied to a comprehensive PM2.5 dataset (i.e. inorganic and organic 

markers) to improve the separation of the key variables (source-specific tracers) among the factor 

profiles, and thus to generate more representative source profiles and corresponding contributions. 

This study represents, to the best of our knowledge, a pioneering wide-scale application in southern 

Europe of a constrained PMF analysis to a comprehensive PM2.5 dataset combining a large number of 

organic and inorganic chemical species rarely merged together. The methodological knowledge 

gained from this study highlighted the utility of applying constraints to variables to improve the 

resolution of the PMF factors, and can provide scientific basis for future source apportionment studies 

based on offline PM samples.  

  

2.  Materials and methods 
 

2.1. Monitoring site and PM2.5 ambient data  

A long term monitoring campaign (July 2011-July 2012) was carried out within the framework 

of EU-MED APICE project (Common Mediterranean strategy and local practical Actions for the 

mitigation of Port, Industries, and Cities emissions; http://www.apice-project.eu/) at an urban 

background site (“Cinq Avenues”: 43°18′18.84”N; 5°23′40.89”E) in Marseille. The objective of the 

project was to investigate air quality and pinpoint the relative contribution of pollution sources to PM 

levels in five Mediterranean European cities (e.g. Barcelona, Marseille, Genova, Venice, Thessaloniki), 

to identify similarities/discrepancies concerning PM characteristics and compositions among these 

cities (Salameh et al., 2015), and to establish shared strategies to reduce air pollution in port cities . 
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Marseille, a city with about 1.6 million inhabitants in 2011, ranked as the second most populated city in 

France. A detailed description of the sampling site and the study area is available in El Haddad et al. 

(2011b). In brief, Marseille has a large harbor that spans nearly 70 km of the Mediterranean coastline, 

which is a major hub for the regional and national economy. With a traffic of about 88 million tons of 

goods handled in 2011, Marseille is also the most important port of the Mediterranean Sea. The city is 

also in the vicinity of the large petrochemical and industrial complex of Fos-Berre (e.g. petroleum 

refining, shipbuilding, metallurgical industries) located 40 km northwest of Marseille, and considered 

among the most important industrial parks in Europe (El Haddad et al., 2011a, 2011b). The region is 

well-known for its intense photochemical ozone pollution (Flaounas et al., 2009). This active 

photochemistry, combined with a complex mixture of fugitive PM sources (e.g. urban and industrial 

emissions) make of Marseille a very interesting and challenging urban-industrial environment for the 

apportionment of fine aerosol.  

Daily PM2.5 filter samples were collected onto 150 mm-diameter quartz fiber filters 

(Tissuquartz) using a high volume sampler (Digitel DA-80) operating at a flow rate of 30 m
3
 h

-1
. PM2.5 

samples were extensively analyzed for the determination of a large number of PM components 

including organic carbon (OC), elemental carbon (EC), major ions, metals/trace elements and specific 

organic molecular markers comprising polycyclic aromatic hydrocarbons, n-alkanes, hopanes, 

monosaccharide anhydrides (levoglucosan, mannosan, galactosan), and lignin pyrolysis products 

(guaiacyl and syringyl derivatives). The analytical methodology as well as the quality control for each 

chemical species analysis is described in El Haddad et al. (2009), Salameh et al. (2015), and Waked 

et al. (2014). Moreover, PM2.5 mass concentrations were determined using a co-located Tapered 

Element Oscillating Microbalance equipped with a Filter Dynamic Measurement System (TEOM-

FDMS, Thermo Scientific). 

 
2.2. Chemical speciation of PM2.5 filter samples  

A total of 216 PM2.5 filter samples were collected during the measurement campaign, which 

covers 62% of the period of the study (i.e. 30 July 2011 to 20 July 2012). Some of the samples were 

merged together and analyzed as composite samples based on the temporal variation of the 

concentrations of PM10, PM2.5, or gaseous pollutants (e.g. SO2). Samples collected during high PM 

pollution events (e.g. daily PM2.5 concentration above the WHO daily limit of 25 µg m
-3

; (WHO, 2006)), 

or with any other specific pollution episodes (e.g. SO2) were analyzed individually (i.e. 24h samples) 

(Fig A-1, Appendix A, supplementary material). Finally, the chemical speciation of PM2.5 samples 

(except the OC and EC analysis) was performed on a total of 55 samples (i.e. 45 composite and 10 

individual samples), using a range of instrumental techniques which are presented briefly as follows:  

- Organic and elemental carbon (OC and EC) concentrations were determined using a 1.5 

cm
2
 punch of each individual filter by a Thermal Optical Transmittance (TOT) technique using a 

Sunset Laboratory Analyzer Instrument (Birch and Cary, 1996; Jaffrezo et al., 2005), following 

EUSAAR2 protocol (Cavalli et al., 2010). 

- Major ionic species (SO4
2-

, NO3
-
, Cl

-
, NH4

+
, K

+
, Na

+
, Mg

2+
, and Ca

2+
) were analyzed by ionic 

chromatography (IC), after extraction of a fraction of the samples in ultra-pure water. The description 

of the method has been presented in detail by Jaffrezo et al. (1998).  
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- Metals and trace elements (6 major elements Al, Ca, Fe, K, Mg, Na, as well as 27 other trace 

elements, e.g. As, Ba, Cd, Ce, Co, Cr, Cs, Cu, La, …, Ni, V, Zn, Zr) were analyzed by Inductively 

Coupled Plasma Mass Spectrometry (ICP/MS), after an acidic digestion of a fraction of the samples 

using a mixture of inorganic acids (HNO3:HF) (Waked et al., 2014). 

- Speciated organic compounds, including monosaccharides anhydrides (levoglucosan, 

mannosan, galactosan), lignin pyrolysis products (guaiacyl and syringyl derivatives), n-alkanes, 

hopanes, and polycyclic aromatic hydrocarbons (PAH) were quantified using a Trace GC 2000 

chromatograph coupled to an ion trap mass spectrometer following the analytical methodology 

described in detail in El Haddad et al. (2011a, 2009).   

Field blank filters were also collected and analyzed following the same analytical procedures  

described above. All the quantified species were blank corrected (see Appendix A). 

Details on the used method to obtain the PM2.5 chemical mass closure were reported in 

Salameh et al. (2015). Concisely, organic matter (OM) concentrations were obtained by applying a 

factor of 1.4 to the OC concentrations (Putaud et al., 2010). The non-sea salt sulfate (nss-SO4
2-

) 

concentrations were calculated by subtracting the sea salt sulfate (ss-SO4
2- 

; where ss-SO4
2-

 = 0.252 × 

Na
+
) from the total mass concentration of sulfate (Seinfeld and Pandis, 1998). The sea salt 

concentrations were calculated from soluble sodium concentrations (3.252 × Na
+
; (Grythe et al., 

2014)). Mineral matter concentrations were estimated from the sum of Al2O3, SiO2, CO3
2-

, Ca, Fe, K, 

Mg, Mn, and Ti, where Al2O3, SiO2, CO3
2-

 were indirectly determined using empirical equations (Pérez 

et al., 2008). The seasonal variation of the PM2.5 concentrations is described in detail in Salameh et al. 

(2015) and a brief overview of the main organic and inorganic markers concentrations and seasonal 

evolutions is provided in the supplementary material (Appendix A). 

 

2.3. Source apportionment of PM2.5: ME-2 solver 

PMF (Paatero and Tapper, 1994) is a bilinear statistical model using a weighted least-squares 

algorithm to describe the variability of an input data matrix (X) as the product of a factor profile matrix 

(F) and a factor contribution matrix (G) (Paatero, 1997; Paatero et al., 2005; Paatero and Hopke, 

2003) as according to the following equation: 

X = G F + E 

Where E is the residual matrix, i.e. the difference between the measurement X and the product of the 

modelled G and F matrices. 

PMF imposes non-negative constraints on G and F, and finds the solution that minimizes the 

objective function Q, defined as the sum of the squared residuals (eij) weighted by their respective 

uncertainties (σij):  

𝑄  =  ∑ ∑ (
𝑒𝑖𝑗  

𝜎𝑖𝑗  

)

2𝑛

𝑗=1

𝑚

𝑖=1

 

Canonaco et al. (2013) reported that the monitoring of the total Q is not meaningful because 

the expected value (Qexpected) depends on the size of the data matrix and on the number of chosen 

factors, and suggested to investigate the relative change in the Q/Qexpected ratio across different models 

runs.  

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

PMF algorithm may have a substantial degree of rotational ambiguity specific to factor analytic 

models, meaning that multiple solutions (G, F) can be associated with the same Q value (see Paatero 

et al. (2002) for more details). To direct the solution toward environmentally meaningful rotations the 

PMF algorithm was solved using the “a value” approach of the ME-2 solver (Paatero, 1999), 

implemented in the Source Finder (SoFi) toolkit (SoFi v4.8, http://psi.ch/HGdP, Canonaco et al., 2013), 

within the Igor Pro software package (Wavemetrics Inc., Lake Oswego, Oregon, USA) and following 

the good practices of the “European guide on air pollution source apportionment with receptor models” 

(Belis et al., 2014) (Appendix B, for more details). Different approaches can be exploited with the ME-2 

solver and are discussed in detail elsewhere (Canonaco et al., 2013; Norris et al., 2009; Paatero and 

Hopke, 2009). Briefly, the “a value” technique used in this study allowed an efficient exploration of the 

solution space by a priori constraining individual elements of the factor profiles within a certain 

variability defined by the scalar a (0 ≤ a ≤ 1) (Canonaco et al., 2013). The methodological procedure 

implemented and applied here comprised two steps. Firstly, different number of factors (p) were 

examined to retrieve the reasonable solution that represents the best fit of the dataset (Sect. 2.3.2; 

Fig B-1, Appendix B, supplementary material). Afterward, a relevant set of chemical constraints 

defined based on a priori knowledge of the source compositions was imposed to a subset of species in 

the PMF factor profiles (a value set to zero). A complete discussion of the constraints applied within 

the framework of the “a-value” approach is presented in Sect. 2.3.2. 

 
 Data analysis: PMF inputs 2.3.1.

PMF analysis requires as input the measured concentrations of chemical species and the 

corresponding uncertainties. The selection of input species was based on the percentage of values 

above the detection limit (DL), and the signal-to-noise (S/N) ratio for each species (Paatero and 

Hopke, 2003), with a special focus on highly specific organic and inorganic source markers (e.g. 

biomass burning, traffic, other combustion sources). The uncertainties were determined following the 

methodology described by Gianini et al. (2012) and recently applied by Waked et al. (2014). It uses DL 

(twice of the standard deviation of the blanks), the coefficient of variation (CV calculated as the 

standard deviation of repeated analyses divided by the mean value), and an additional factor (a of 

0.03) to account for additional sources of uncertainty. In the input data matrix of the unconstrained 

PMF analysis, concentrations below DL were replaced by DL/2 with uncertainties estimated as 5/6 of 

the DL value, and species with 60% of the values below detection limit (BDL) were excluded. 

According to the S/N criterion (Paatero and Hopke, 2003), “weak” variables (S/N between 0.2 and 2.0) 

were downweighted by increasing their uncertainties by a factor of 3 (Paatero and Hopke, 2003), while 

“bad” variables (S/N < 0.2) were excluded. The final input dataset retained for further PMF analysis 

(i.e. constrained PMF) is displayed in Table 1. It includes 37 chemical species categorized as “strong” 

variables (S/N > 2) and highly source specific, i.e. 25 organic markers (OC, EC, 3 PAH, 10 n-alkanes, 

3 hopanes, 2 monosaccharide anhydrides, and 5 methoxyphenols) and 12 inorganic markers (6 major 

ions, 6 trace elements/metals) (Table 1). The seasonal variability in the concentrations of these 

markers is described in detail in the supplementary material (Fig A-2, appendix A). The data statistics 

(i.e. arithmetic mean, median, minimum, maximum, BDL, S/N ratio) of the input species and the 
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correlation matrix are reported in Table B-1a and 1b, respectively. It is noteworthy that double 

counting of pairs of elemental and ionic species (e.g. Na
+
 and Na, K

+
 and K, Ca

2+
 and Ca) is avoided 

by including the ionic soluble concentration for sodium and potassium (i.e. Na
+
, K

+
), and the total 

concentration obtained by ICP-MS for calcium (with no values below DL). Owing to the fact that some 

organic molecular markers (e.g. levoglucosan, mannosan, etc.) are used in the model, the OC was 

replaced by OC*, defined as: [OC*] = [OC] – (0.95×[PAH] + 0.85×[n-alkanes] + 0.87×[hopanes] + 

0.44×[levoglucosan] + 0.44×[mannosan] + 0.59×[syringaldehyde] + 0.57×[vanillic acid] + 

0.65×[acetovanillone] + 0.63×[syringylacetone] + 0.55×[syringic acid]) in order to prevent double 

counting of carbon species. These coefficients were determined based on the carbon content of each 

organic compound (Waked et al., 2014). To obtain the source contributions to the total measured PM 

mass, the usual multilinear regression analysis of the measured PM mass against the estimated 

source contributions was applied (Pey et al., 2013b). 

Table 1 : Outline of the characteristics of PM dataset used in PMF analysis  

 
Site “Cinq avenues”, Marseille (France) 

Time period 30 July 2011 – 20 July 2012 

PM sampling 24 h PM2.5 samples (216 f ilters) 

Number of chemical species 37 

Carbonaceous species OC* and EC 

Ionic species Cl-, NO3
-, SO4

2-, Na+, NH4
+, K+

 

Metals/trace elements Ca, Cu, Fe, Ni, Pb, V 

Organic markers 

benzo[a]anthracene, benzo[a]pyrene, benzo[ghi]perylene; 

n-C20, n-C21, n-C22, n-C23, n-C24, n-C25, n-C26, n-C28, n-C29, n-C31; 

17α(H)-21β(H)-norhopane, 17α(H)-21β(H)-hopane, 17α(H)-21β(H)-22S-homohopane; 

levoglucosan, mannosan, syringaldehyde, vanillic acid, acetovanillone, syringyl acetone, 

syringic acid 

 

 
 Number of factors and set of constraints  2.3.2.

When applying PMF, the determination of the number of factors is the most critical step. We select 

the number of factors providing the best description of the dataset, here defined as an environmentally 

interpretable representation of the data. This selection is always a compromise: not enough factors 

may lead to poorly separated sources, whereas too many factors may lead to a mathematical split of 

the factors, which is not necessarily environmentally relevant. Here, we have examined solutions from 

2 to 12 factors in the unconstrained PMF runs, each of which initialized from 20 different random 

starting points.  

The determination of the optimal number of factors was performed after evaluating a number of 

criteria including: (a) the variation of Q/Qexpected ratio from 2 to 12 factors (Fig. B-1a) (Canonaco et al., 

2013; Polissar et al., 2001); (b) the scaled residuals with the variation of IM (maximum individual 

column mean) and IS (maximum individual column standard deviation) as a function of the number of 

factors (Fig. B-1b) (Lee et al., 1999); and (c) the reasonable geochemical likeliness of factors 

chemical composition and factors time-series. The Q/Qexpected ratio decreased continuously from 3.8 to 

0.7 when the number of factors increases from 2 to 12 factors (Fig. B-1a). Small changes in the 

Q/Qexpected ratio were observed for solutions between 7 and 10-factors suggesting a little improvement 

with extra factors. The IM and IS values decreased with the number of factors and become more 
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steady for solutions starting from 5 factors (Fig. B-1b). Therefore, solutions from 5 to 10 factors were 

carefully examined. Based on the key criterion of extracting realistic and reasonable source profiles 

and contributions and on the evaluation of the aforementioned parameters (Q/Qexpected, IM, and IS), a 

7-factor solution (Q/Qexpected of 1.43, unexplained variation of all input variables < 25%) was selected 

as the most reasonable solution for this dataset (Fig. B-1). Rotational ambiguity (Paatero et al., 2002) 

was explored by varying the Fpeak parameter between −1 and 1, with steps of 0.1. Solutions for Fpeak 

values outside this range showed factors with no physical meaning or that did not converge. Since the 

rotated solutions did not appear to improve the source profiles, the non-rotated solution (Fpeak=0) was 

chosen. The seven factors resolved by unconstrained PMF analysis were identified as follows: 

biomass burning (described by two factors BB1 and BB2); road traffic; fossil fuel combustion 

(described by two factors FF1 likely related to traffic emissions and FF2 to harbor activities/ships 

emissions); ammonium sulfate rich; and the last factor is a mixed factor of multiple primary emission 

sources (e.g. sea salt, traffic, and vascular plant waxes) possibly related to wind resuspension. The 

seven unconstrained PMF factor profiles expressed each one as the percentage of the total mass in 

the factor of each 37 chemical species are reported Table B-2. The unconstrained PMF results 

showed a certain degree of mixing between the factors, where some specific source tracers were not 

properly distributed into the factors they should belong to. This may be related to the relatively limited 

number of samples used in PMF analysis (i.e. 55) which might reduce the resolving power shown by 

PMF and the interpretation of the results should be made cautiously. For example, the biomass 

burning factor explained up to 29% of the hopanes mass concentration, specific markers of vehicular 

emissions, whereas 12% of acetovanillone mass concentration is explained by FF1. It should be noted 

that mixing issues are inherent to the PMF approach based on the internal correlation within the data 

set and where solutions are subject to rotational ambiguity, which complicates the interpretation of the 

profiles. PMF algorithm extracts static factor profiles, which implicates a constant chemical 

composition over the monitoring period. Nevertheless, the variability of the concentration of a given 

species depends on a number of parameters such as the source emission strengths or the 

meteorological conditions (e.g. temperature, pressure, boundary layer height, rainfall, etc.). The 

variation of source profiles with time is further accentuated by the use of species with different 

physicochemical properties, where the combination of non-volatile and non-reactive species (trace 

elements/metals, EC) with semi-volatile and slightly reactive species (organic markers) can induce 

distortion of the chemical fingerprint of the different resolved factors and potentially lead to the 

appearance of “atypical factors”.  

In order to improve the factor separation and to handle the problem of rotational ambiguity, a 

constrained PMF analysis using the “a value” approach of the ME-2 solver was performed (Canonaco 

et al., 2013). A set of physically meaningful constraints from well-characterized sources defined based 

on a priori knowledge of the source fingerprints was applied to a subset of species in the PMF factor 

profiles (Table B-3). In brief, the contributions of some species have been fully constrained (a 

value=0) in the factor fingerprints, as follows: 
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(a) Contributions of anhydrous sugars and methoxyphenols, specific tracers of biomass burning 

emissions (Simoneit et al., 1999), were set to zero in all profiles, except the biomass burning (BB) 

factors (Table B-3); 

(b) Contributions of hopanes, markers of fossil fuel combustion (El Haddad et al., 2009), were 

only authorized in factors related to road traffic and fossil fuel combustion, imposing their contributions 

to zero in all other factors; 

(c) Contributions of vanadium and nickel, typical tracers of heavy oil combustion (Viana et al., 

2009), have been constrained to zero in all profiles, except the FF2 (Table B-3). We note that the 

crustal enrichments factors (EFs) of V and Ni were evaluated using Al as a reference element and the 

upper crust composition reported in Hans Wedepohl (1995). EFs values of both elements were around 

~50, which indicates that V and Ni are significantly enriched, and are probably more attributed to non-

crustal, anthropogenic sources. 

 
 Quality and robustness of constrained PMF results 2.3.3.

With these constraints applied to the initial PMF results, the residuals scaled by the uncertainty 

resulting from the constrained PMF analysis were almost normally distributed for most species, and 

were within the range of ± 4 (Fig. B-2b). The ratio between PMF-reconstructed and measured 

concentrations for the input variables shows generally values close to one except for syringaldehyde 

and acetovanillone (Fig. B-2a). Further, good correlations were observed between the measured and 

reconstructed concentrations for PM2.5 (Fig. B-2c) and for most of the input species, showing a good 

coefficient of determination (R
2
>0.8), except Na

+
, Ni and syringaldehyde which were less well modeled 

(R
2
=0.6) (Table B-4), probably due to the fact that PMF model is not always able to accurately model 

species having low concentrations and high uncertainties (Waked et al., 2014). 

 

3.  Results and discussions 

 
3.1. Factor profiles: source identification 

The seven factors resulting from the constrained PMF analysis were identified based on the 

characteristics chemical species (i.e. specific source tracers) in the factor fingerprints (Fig. 1), with 

high percentage of their ambient concentration apportioned by a factor (Fig. B-3). The identified PM2.5 

factors are related to (a) biomass burning (two factors), (b) fossil fuel combustion (two factors), (c) 

road dust, (d) ammonium sulfate (AS) rich and (e) aged sea salt/dust rich. It should be noted that 

compared to the unconstrained PMF analysis, the constrained solution showed a more proper 

distribution of the specific source tracers with an improvement in the factor separation. For instance, 

an aged sea salt/dust rich was identified in the constrained PMF solution, while it was mixed with a 

traffic contribution in the unconstrained analysis. The factor profiles (in µg µg
-1

 of PM2.5) were 

presented in Figure 1 and were also reported in Table B-5 and will be discussed in detail in the 

following subsections.  

 

 Factor 1 – Biomass burning 1 (BB1) 
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Factor 1 was identified to be related to biomass burning (BB1), based on the high percentage of 

the ambient concentrations of monosaccharide anhydrides (e.g. mannosan (89%), levoglucosan 

(67%)), and methoxyphenols (acetovanillone (73%), and syringyl acetone (58%)) apportioned by this 

factor (Fig. 1). 

A relatively high percentage of NH4
+
, K

+
, NO3

-
, Cl

-
, OC, and EC was also observed (28%, 25%, 

24%, 22%, 17%, and 8%, of their ambient concentration, respectively). Fine potassium is often used 

as an indicator of biomass burning in many source apportionment studies (Puxbaum et al., 2007; 

Reche et al., 2012). It is important to mention that 24% of the ambient nitrate concentration is 

apportioned by BB1 and the model was unable to resolve a nitrate-rich factor from the analyzed 

dataset, which is probably due to the presence of strong collinearities between the nitrate-rich and BB 

factors (i.e. similar seasonal patterns). This might induce a bias in the analysis, and most probably 

leads to a possible overestimation of the impact of biomass burning emissions. In this study, NO3
-
 

contributed to 8.7% of the BB1 mass (Table B-5), which is still environmentally realistic considering 

NOx emissions from biomass burning. Further, the current state of knowledge on the chemical profiles 

of BB and nitrate-rich factors does not allow proper forcing for their appropriate separation (i.e. 

constraining NO3 in BB).  

Interestingly, a significant percentage of the ambient concentration of n-alkanes with an odd 

carbon number was apportioned by BB1, i.e. n-C29 (28%), and n-C31 (21%) (Fig. 1 and Fig. B-3). As 

mentioned previously, high molecular weight n-alkanes are derived from epicuticular waxes of higher 

plants, and are emitted in significant proportions during the growing season (e.g. intense solar 

radiation and high surface temperature) (Graham et al., 2003; Simoneit et al., 1991). However, 

significant amounts of n-C29 and n-C31 concomitant with higher concentrations of levoglucosan are 

observed during fall (Fig. A-2), period in which the living biomass is generally considered as dormant. 

BB1 showed an important contribution during late fall (land clearing periods) with a maximum of 24.4 

µg m
-3 

(11/26/2011; Fig. 1), and is characterized by a higher levoglucosan/OC ratio, probably resulting 

from the open green waste burning, a practice that is widespread in Marseille surrounding areas 

during this season, and emits large amounts of epicuticular plant waxes (Hays et al., 2002). In 

addition, we note that the average daily temperature prevailing between the end of October and early 

November is around 17 
o
C (maximum of 20 

o
C, Marignane station) with a BB1 contribution up to 5 µg 

m
-3 

(i.e. 27% of PM2.5). The higher temperatures observed during that period compared to winter 

season (average temperature of 6
 o

C with a minimum of -4 
o
C), is also supporting the hypothesis of the 

potential influence of emissions from open green waste burning, rather than residential heating. 

 
 Factor 2 – Biomass burning 2 (BB2) 

As for factor BB1, a high percentage of the ambient concentration of lignin pyrolysis products and 

monosaccharide anhydrides was apportioned by BB2, e.g. syringyl acetone (95% of the ambient 

concentration), vanillic acid (88%), syringaldehyde (81%), and levoglucosan (33%), and was therefore 

also assigned to biomass burning (BB2) (Fig. 1). As already observed for BB1, 21% of the ambient 

nitrate concentration was apportioned by BB2, and the same explanation drawn up for BB1 is also 

suggested for BB2. Compared to BB1, a high percentage of the ambient concentration of PAH (47-

63%), and n-alkanes (< n-C24; 18-36%) was apportioned by this factor, which is probably related to 
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the cold and stable atmospheric conditions favoring the transfer of semi-volatile organic species to the 

particulate phase. This assumption is corroborated by the examination of the temporal variation of BB2 

(Fig. 1), which exhibited a maximum contribution of 13 µg m
-3

 during the coldest period of the year 

(02/10 to 02/13/2012; temperature between -3.5 and -0.7 ºC). Compared to BB1, BB2 is characterized 

by high proportions from lignin pyrolysis products from the combustion of hardwood, with maximums 

contributions during the coldest period of winter (January, February), and is likely to be more related to 

residential heating (Fig. 1 and Fig. B-3). 

 
It should be noted that even when decreasing the number of factors from seven to six in the 

unconstrained PMF runs, the two biomass burning signatures are still separated. This highlights the 

robustness of the separation of the two factors and suggests that they do represent two different 

burning processes: residential heating versus open green waste burning. While BB2 shows maximum 

contributions during the cold period in winter with a high contribution from lignin pyrolysis products 

from the combustion of hardwood, BB1 presents high contributions in late fall during land clearing 

periods probably resulting from the combustion of cellulose rich biomass. It is important to emphasize 

that this study represents to the best of our knowledge, one the first identification of an open green 

waste burning signature and its separation from domestic heating. Moreover, offline-AMS source 

apportionment results performed on PM filters collected at the same study period in Marseille also 

revealed an evolution in the biomass burning composition (Bozzetti et al., 2017a). 

 
 Factor 3 – Fossil fuel combustion 1 (FF1) 

Factor 3 explained high percentage of the ambient concentration of hopanes (45-61%), lower 

molecular weight n-alkanes (< n-C28; 35-59%), PAH (26-31%), OC* (28%), Pb (24%), and EC (16%). 

This factor seems to be likely dominated by traffic emissions mixed with a non-traffic fossil combustion 

source (e.g. industrial processes) and was therefore assigned to FF1 (El Haddad et al., 2009; Waked 

et al., 2014). It is worth noting that OC* was the dominant component of this factor, accounting for 73% 

of PM2.5 mass attributed to this factor. The average OC/EC ratio in this source profile was 6.25, which 

points out to a strong OC enrichment compared to EC. The temporal evolution of FF1 displayed a 

specific and clear seasonal behavior and showed a substantial increase of the concentrations during 

the cold period with a maximum up to 18 µg m
-3

 (01/09/2012), and relatively homogeneous 

concentrations for the rest of the year (Fig. 1). Such winter enhancement is likely to be the upshot of 

the combination of two main factors: (i) the condensation of semi-volatile organic compounds favored 

by low temperature encountered during this period (6 
o
C on average with a minimum of -4 

o
C); and (ii) 

the higher atmospheric stability and lower mixing-layer height favoring the confinement of pollutants 

within the emission area, typical in winter. This atypical signature reflects the particular behavior of the 

semi-volatile organic markers and highlights the semi-volatile character of this factor. It should be 

recalled that PMF algorithm extracts static factor profiles, and in our study the combination of non-

reactive species (e.g. trace elements) with semi-volatile and slightly reactive species (organic markers) 

can induce distortion in the matrix resolution leading potentially to the appearance of “atypical factors” 

(Sect. 2.3.2).  
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 Factor 4 – Road dust 

As shown in Figure 1, the factor 4 is characterized by a high percentage from the road dust 

components, i.e. Cu (71% of the ambient concentration), Fe (32%), and Ca (25%), which are typical in 

urban environments, and was thus identified as the resuspension of road dust. Ca and Fe are typical 

mineral constituents and can be re-suspended by road traffic, while Cu is known to be emitted from 

brake wear, tire wear and road wear (Karanasiou et al., 2009; Schauer et al., 2006; Sternbeck et al., 

2002). The presence of Ca in this profile could also be related to the intense construction activities 

conducted in Marseille during the period under consideration. The temporal evolution of this factor 

showed the highest concentrations in fall and summer, reaching up to 9 µg m
-3

 and 4 µg m
-3

, 

respectively (Fig. 1) and corresponding to the driest periods.  

 
 Factor 5 – Fossil fuel combustion 2 (FF2) 

The ambient concentrations of V and Ni, typical tracers of heavy fuel oil combustion, were only 

apportioned by factor 5, because their mass fraction was subsequently forced to 100% in this factor 

(Sect. 2.3.2). V and Ni sources may be industrial processes (e.g. oil refineries, power plants, boilers, 

etc.,), and ship emissions (Mooibroek et al., 2011; Moreno et al., 2010). Due to similar fuel and 

combustion conditions, it may be difficult to distinguish between these two sources (Viana et al., 2014, 

2009), therefore, this factor was identified as the contribution from FF2. However, the evaluation of 

V/Ni ratio suggest larger contributions from ship emissions (Moreno et al., 2010; Pandolfi et al., 2011). 

The source profile is characterized by an average V/Ni ratio of 2.35, which is in agreement with the 

characteristic ratios for ship emissions (ranging from 2.5 to 3.5) (Agrawal et al., 2008; Bove et al., 

2014; Pandolfi et al., 2011; Viana et al., 2014), reflecting the large impact of the harbor activities and 

the significant influence from vessel emissions. A high variance of hopanes (39-55% of the ambient 

concentration) was explained by this factor and could possibly originate from coal and coke emissions 

(Oros and Simoneit, 2000; Weitkamp et al., 2005; Zhang et al., 2008).  This factor also explains a 

noticeable variance of sulfate (22% of the ambient sulfate concentration), and other species such as 

EC (32%), Ca (17%), Fe (16%), Pb (13%), n-alkanes (3-16%), PAH (4%). It should be noted that EC 

was a dominant chemical component of this factor, accounting for 36% of PM2.5 mass attributed to this 

factor. The OC/EC ratio in this factor is 0.17 (Table B-5), comparable to that reported recently by 

Amato et al. (2016) at an urban background site in Barcelona (OC/EC of 0.22 in heavy oil combustion 

factor).  The high proportions of EC and hopanes in this factor could be also linked to the heavy-duty 

trucks traffic in the industrial/harbor area of Fos-Berre (Sylvestre et al., 2017). As depicted in Figure 1, 

the temporal trend of this factor showed highest concentrations during warm periods reaching up to 

13.7 µg m
-3

 (07/19/2012). These observations are expected and were consistent with summer wind 

patterns and the industrial vicinity of Marseille among which the Fos-Berre area located northwest the 

city (El Haddad et al., 2011a), where there is a high density of industries and strong emissions from 

maritime transport sector. In fact, during summertime, and in low Mistral (< 3 m.s
−1

) conditions, sea 

breeze circulation prevails and is often associated with high pollution levels over Marseille due to the 

low dispersion of pollutants. In the early morning of such days, Marseille is directly downwind of the 

industrial area and, as the temperature of the surface of the land rises, sea breeze wind speed 
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increases. It results in an increased residence time of the industrial polluted air masses over the 

Mediterranean Sea before they arrive over Marseille (El Haddad et al., 2011a).  

 
 Factor 6 – Ammonium sulfate rich 

The factor 6 was assigned to ammonium sulfate (AS)-rich due to the presence of high percentage 

of ammonium and sulfate (42% and 56% of their ambient concentration, respectively) apportioned by 

this factor (Fig. 1). The average concentration ratio between SO4
2-

 and NH4
+
 in the factor is 2.85, 

which is consistent with the stoichiometric ratio for ammonium sulfate (i.e. 2.66 by mass). This means 

that the SO4
2-

 is mainly in the form of (NH4)2SO4. This factor contains an important contribution from 

OC (31%), which is probably due to the formation of secondary OC via gas-to-particle conversion. The 

presence of a significant proportion of OC in a AS-rich factor was also observed in PMF studies at 

other sites (Amato et al., 2016; Bozzetti et al., 2017b; Cesari et al., 2016; Waked et al., 2014), and can 

be explained by the similarities in the chemical processes leading to the formation of ammonium 

sulfate and secondary organic aerosol (SOA) (Waked et al., 2014). The temporal evolution of the AS-

rich shows rather homogeneous contributions throughout the year (Fig. 1), highlighting the regular 

impact of aged background aerosol. 

 

 Factor 7 – Aged sea salt/dust rich 

Factor 7 is a mixed source of aged sea salt and dust resuspension, since a high percentage of the 

ambient Na
+ 

concentration (55%), a typical tracer for sea salt is apportioned by this factor (Fig. 1). The 

Cl
- 
: Na

+
 mass ratio in this factor was equal to 0.37, which is much lower than the bulk sea water mass 

concentration ratio (1.8) (Seinfeld and Pandis, 1998). The excess of Na
+
 in this factor can be the result 

of the reaction of NaCl with acidic species, such as H2SO4 and HNO3 leading to a displacement of Cl
-
 

as HCl and the formation of NaNO3 or Na2SO4 (Hwang and Hopke, 2007; Pio et al., 1996). The high 

percentage of Ca and Fe apportioned by this factor (58% and 36% of their ambient concentration, 

respectively) could be related to the combined effect of dust emitted from renovation and construction 

activities in the harbor area and all over the city together with sea-breeze development carrying sea 

salt particles inland. Nevertheless, Ca and Fe have been recently identified as highly emitted by steel 

plant activities and specifically by the main steel plant located in the Fos/Berre industrial area 

(Sylvestre et al., 2017). Therefore, an industrial influence to this factor cannot be excluded. A high 

percentage of the ambient concentration of n-alkanes with an odd carbon number is also apportioned 

by this factor, i.e. n-C29 (69%) and n-C31 (77%), and is related to the wind-blown resuspension of 

seasalt, dust, and plant waxes. 
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Figure 1 : Factor profiles (bars, µg/µg, left axis) identified for PM2.5, and percentage of ambient 
species concentration apportioned by each factor is indicated in the right axis (black diamonds) in the 

left panels. The time trends of the factor contributions (µg.m
-3

) is shown in the right panels. 
 

Notes: BenAnth: benzo[a]anthracene; BenPyr: benzo[a]pyrene; BenPer: benzo[ghi]perylene; C20 to C31: n-alkanes; Hop-H29: 
17α(H)-21β(H)-norhopane; Hop-H30: 17α(H)-21β(H)-hopane; Hop-H31: 17α(H)-21β(H)-22S-homohopane; Levo: levoglucosan; 
Syrgald: syringaldehyde; VanAc: vanillic acid; Acetov: acetovanillone; SyrAct: syringyl acetone; SyrAc: syringic acid; Mann: 

mannosan. 
 

 

 

0.0001

0.001

0.01

0.1

1
(µ

g
/µ

g
)

O
C

*
E

C C
l

N
O

3
S

O
4

N
a

+
N

H
4

K
+

C
a

C
u

F
e N
i

P
b V

B
e

n
A

n
th

B
e

n
P

y
r

B
e

n
P

e
r

C
2

0
C

2
1

C
2

2
C

2
3

C
2

4
C

2
5

C
2

6
C

2
8

C
2

9
C

3
1

H
o

p
-H

2
9

H
o

p
-H

3
0

H
o

p
-H

3
1

L
e

v
o

S
y
rg

a
ld

V
a

n
A

c
A

c
e

to
v

S
y
rA

c
t

S
y
rA

c
M

a
n

n

100

80

60

40

20

0

(%
 o

f to
ta

l s
p

e
c
ie

s
)

Biomass burning 1

0.0001

0.001

0.01

0.1

1

(µ
g

/µ
g

)

O
C

*
E

C C
l

N
O

3
S

O
4

N
a

+
N

H
4

K
+

C
a

C
u

F
e N
i

P
b V

B
e

n
A

n
th

B
e

n
P

y
r

B
e

n
P

e
r

C
2

0
C

2
1

C
2

2
C

2
3

C
2

4
C

2
5

C
2

6
C

2
8

C
2

9
C

3
1

H
o

p
-H

2
9

H
o

p
-H

3
0

H
o

p
-H

3
1

L
e

v
o

S
y
rg

a
ld

V
a

n
A

c
A

c
e

to
v

S
y
rA

c
t

S
y
rA

c
M

a
n

n

100

80

60

40

20

0

(%
 o

f to
ta

l s
p

e
c
ie

s
)

Biomass burning 2

0.0001

0.001

0.01

0.1

1

(µ
g

/µ
g

)

O
C

*
E

C C
l

N
O

3
S

O
4

N
a

+
N

H
4

K
+

C
a

C
u

F
e N
i

P
b V

B
e

n
A

n
th

B
e

n
P

y
r

B
e

n
P

e
r

C
2

0
C

2
1

C
2

2
C

2
3

C
2

4
C

2
5

C
2

6
C

2
8

C
2

9
C

3
1

H
o

p
-H

2
9

H
o

p
-H

3
0

H
o

p
-H

3
1

L
e

v
o

S
y
rg

a
ld

V
a

n
A

c
A

c
e

to
v

S
y
rA

c
t

S
y
rA

c
M

a
n

n

100

80

60

40

20

0

(%
 o

f to
ta

l s
p

e
c
ie

s
)

Fossil fuel combustion 1

2.5

2.0

1.5

1.0

0.5

0.0

[µ
g

 m
-3

]

9/1/2011 11/1/2011 1/1/2012 3/1/2012 5/1/2012 7/1/2012

14

12

10

8

6

4

2

0

[µ
g

 m
-3

]

9/1/2011 11/1/2011 1/1/2012 3/1/2012 5/1/2012 7/1/2012

14

12

10

8

6

4

2

0

 [
µ

g
 m

-3
]

9/1/2011 11/1/2011 1/1/2012 3/1/2012 5/1/2012 7/1/2012

35

30

25

20

15

10

5

0

[µ
g

 m
-3

]

9/1/2011 11/1/2011 1/1/2012 3/1/2012 5/1/2012 7/1/2012

10

8

6

4

2

0

 [
µ

g
 m

-3
]

9/1/2011 11/1/2011 1/1/2012 3/1/2012 5/1/2012 7/1/2012

20

15

10

5

0

[µ
g

 m
-3

]

9/1/2011 11/1/2011 1/1/2012 3/1/2012 5/1/2012 7/1/2012

25

20

15

10

5

0

[µ
g

 m
-3

]

9/1/2011 11/1/2011 1/1/2012 3/1/2012 5/1/2012 7/1/2012

0.0001

0.001

0.01

0.1

1

(µ
g

/µ
g

)

O
C

*
E

C C
l

N
O

3
S

O
4

N
a

+
N

H
4

K
+

C
a

C
u

F
e N
i

P
b V

B
e

n
A

n
th

B
e

n
P

y
r

B
e

n
P

e
r

C
2

0
C

2
1

C
2

2
C

2
3

C
2

4
C

2
5

C
2

6
C

2
8

C
2

9
C

3
1

H
o

p
-H

2
9

H
o

p
-H

3
0

H
o

p
-H

3
1

L
e

v
o

S
y
rg

a
ld

V
a

n
A

c
A

c
e

to
v

S
y
rA

c
t

S
y
rA

c
M

a
n

n

100

80

60

40

20

0

(%
 o

f to
ta

l s
p

e
c
ie

s
)

Road dust

0.0001

0.001

0.01

0.1

1

(µ
g

/µ
g

)

O
C

*
E

C C
l

N
O

3
S

O
4

N
a

+
N

H
4

K
+

C
a

C
u

F
e N
i

P
b V

B
e

n
A

n
th

B
e

n
P

y
r

B
e

n
P

e
r

C
2

0
C

2
1

C
2

2
C

2
3

C
2

4
C

2
5

C
2

6
C

2
8

C
2

9
C

3
1

H
o

p
-H

2
9

H
o

p
-H

3
0

H
o

p
-H

3
1

L
e

v
o

S
y
rg

a
ld

V
a

n
A

c
A

c
e

to
v

S
y
rA

c
t

S
y
rA

c
M

a
n

n

100

80

60

40

20

0

(%
 o

f to
ta

l s
p

e
c
ie

s
)

Fossil fuel combustion 2

0.0001

0.001

0.01

0.1

1

(µ
g

/µ
g

)

O
C

*
E

C C
l

N
O

3
S

O
4

N
a

+
N

H
4

K
+

C
a

C
u

F
e N
i

P
b V

B
e

n
A

n
th

B
e

n
P

y
r

B
e

n
P

e
r

C
2

0
C

2
1

C
2

2
C

2
3

C
2

4
C

2
5

C
2

6
C

2
8

C
2

9
C

3
1

H
o

p
-H

2
9

H
o

p
-H

3
0

H
o

p
-H

3
1

L
e

v
o

S
y
rg

a
ld

V
a

n
A

c
A

c
e

to
v

S
y
rA

c
t

S
y
rA

c
M

a
n

n

100

80

60

40

20

0

(%
 o

f to
ta

l s
p

e
c
ie

s
)

Ammonium sulfate rich

0.0001

0.001

0.01

0.1

1

(µ
g

/µ
g

)

O
C

*
E

C C
l

N
O

3
S

O
4

N
a

+
N

H
4

K
+

C
a

C
u

F
e N
i

P
b V

B
e

n
A

n
th

B
e

n
P

y
r

B
e

n
P

e
r

C
2

0
C

2
1

C
2

2
C

2
3

C
2

4
C

2
5

C
2

6
C

2
8

C
2

9
C

3
1

H
o

p
-H

2
9

H
o

p
-H

3
0

H
o

p
-H

3
1

L
e

v
o

S
y
rg

a
ld

V
a

n
A

c
A

c
e

to
v

S
y
rA

c
t

S
y
rA

c
M

a
n

n

100

80

60

40

20

0

(%
 o

f to
ta

l s
p

e
c
ie

s
)

Aged seasalt/dust rich

Biomass burning 1

Biomass burning 2

Fossil fuel combustion 1

Road dust

Fossil fuel combustion 2

Ammonium sulfate rich

Aged seasalt/dust rich

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

3.2. Contributions and seasonality of PM2.5 sources 

The seasonal mean contributions (in %) of the seven identified sources to the PM2.5 mass for the 

full year (2011-2012) are presented in Figure 2, while the seasonal variations of the absolute 

contributions (µg m
-3

) are reported in Figure 3. On an annual basis, the major contributors to the PM2.5 

mass were the AS-rich and the sum of the biomass burning factors. They accounted for 30% (6.0 ± 6.3 

µg m
-3

) and 23% (4.5 ± 6.0 µg m
-3

) of the total PM2.5 mass, respectively. FF1 and FF2 also contributed 

significantly to fine aerosol mass with percentage contributions being 19% (3.6 ± 4.1 µg m
-3

) and 18% 

(3.5 ± 2.3 µg m
-3

), respectively, whereas road dust and aged sea salt/dust rich presented far lower 

concentrations, and accounted only for 7% (1.4 ± 1.7 µg m
-3

) and 3% (0.6 ± 0.5 µg m
-3

) of PM2.5 mass, 

respectively. However, the seasonal variations of the seven identified sources reflected a singular 

pattern for each source which is related to the influence of anthropogenic activities (source strengths), 

and/or meteorological parameters.  

The AS-rich factor showed relatively homogeneous concentrations throughout the year, despite 

the significant differences in the boundary layer, higher mean contributions were observed during 

spring (9.0 ± 6.8 µg m
-3

; 54%) (Fig. 2, 3), which indicates an enhanced photochemical production of 

AS during the warm season owing to the increased oxidation of SO2 and its conversion rate to sulfate.  

As expected, the biomass burning factors (BB1 and BB2) showed a strong seasonality with higher 

mean concentrations observed in fall and winter (Fig. 3). BB1 related to open green waste burning 

was the dominant contributor to PM2.5 mass during fall with an average of 33% (7.4 ± 7.6 µg m
-3

), while 

BB2 related to residential heating exhibited the highest contributions during winter (3.3 ± 3 µg m
-3

; 

14%) (Fig. 2, 3).  

FF1 displayed strong seasonal patterns similar to those of organic markers (hopanes, PAH, and n-

alkanes; Fig. A-2), with significantly higher contributions observed in winter (7.2 ± 4.9 µg m
-3

; 30%) 

and fall (3.0 ± 3.1 µg m
-3

; 13%), compared to spring (1.4 ± 1.1 µg m
-3

; 8%) and summer (1.3 ± 1.1 µg 

m
-3

; 9%) (Fig. 2, 3). As mentioned before (Sect. 3.1), the higher levels observed in winter can be 

related to the condensation of semi-volatile organic compounds in the particle phase at low 

temperature and the stable meteorological conditions in addition to a reduced mixing-layer height 

favoring the accumulation of pollutants within the emission area. 

FF2 exhibited clear seasonal trend with higher contributions recorded in summer (5.1 ± 3.0 µg m
-3

; 

37%) and spring (4.0 ± 2.4 µg m
-3

; 24%), compared to winter (2.0 ± 1.0 µg m
-3

; 8%) and fall (3.2 ± 1.2 

µg m
-3

; 14%) (Fig. 2, 3). The high levels observed during the hot seasons could be explained by (i) 

summer wind patterns favoring the transport of industrial and ship emissions from the industrial/harbor 

area of Fos-Berre located northwest the city (El Haddad et al., 2011a), and (ii) the increased of 

shipping emissions due to the large number of tourist ships at the harbors during the holiday period 

(Mazzei et al., 2008). 

Road dust showed distinct seasonal pattern with higher levels in fall (2.9 ± 2.4 µg m
-3

; 13%) and 

summer (1.4 ± 1.4 µg m
-3

; 10%), compared to winter (0.6 ± 0.7 µg m
-3

; 3%) and spring (0.7 ± 0.8 µg m
-

3
; 4%) (Fig. 2, 3). These observations seem to be related to pollution episodes that occur during fall 

and to the resuspension of dust more efficient during the dry period in summer.  
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The aged sea salt/dust rich factor presented the lowest contribution in winter (0.2 ± 0.1 µg m
-3

; 

1%) and relatively homogeneous and quite higher contributions in the other seasons (0.6-0.9 µg m
-3

; 

3-7%) (Fig. 2, 3), which is probably related to the enhancement of the sea breeze regime 

accomplished with higher wind intensity velocities.  

 

 
Figure 2 : Annual and seasonal relative mean contributions (in %) of the seven identified factors to the 
PM2.5 mass. Note that n corresponds to the number of PM2.5 samples.  
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Figure 3 : Seasonal variation of the absolute source contributions (µg m

-3
) to the PM2.5 concentration. 

Note that the color code denotes the four seasons and the black dot indicates the average seasonal 
value.  

 
3.3. Insights into PM pollution episodes: potential key sources 

This section provides a general overview of the major PM2.5 sources responsible for the pollution 

episodes (PM2.5 > 25 µg m
-3

) occurring in Marseille during our monitoring period. Figure 4 displays the 

contributions of the identified sources (µg m
-3

; %) to PM2.5 mass both during pollution episodes where 

PM2.5 concentrations were above 25 µg m
-3

, and for the periods without such exceedances (PM2.5 < 25 

µg m
-3

). We note that the WHO daily limit of 25 µg m
-3

 was adopted here because of the lack of a 

European daily threshold for PM2.5 (WHO, 2006). As displayed in Figure 4, total BB appeared to be 

the first major contributor to PM2.5 mass during pollution episodes (n=12 samples and 32 days), and 

accounted for 33% (11.9 ± 7.4 µg m
-3

), against 16% (2.4 ± 3.4 µg m
-3

) for the periods where PM2.5 

concentrations were below 25 µg m
-3

. Since higher PM2.5 concentrations and pollution episodes are 

observed in fall and winter (Salameh et al., 2015), this result is not surprising. FF1 displayed a similar 

behavior, with a substantial contribution during pollution episodes and accounted for 23% (8.2 ± 4.4 µg 

m
-3

) of PM2.5 mass, against 15% (2.3 ± 3.1 µg m
-3

) during the non-exceedance periods (Fig. 4). The 

situation is more complex for the AS-rich factor, because if during pollution episodes, its absolute 

contribution to PM2.5 mass significantly increases (10.1 ± 9.4 µg m
-3

 against 4.8 ± 4.6 µg m
-3

), its 

relative contribution remains rather stable (29% against 32%). This behavior reflects the nature of this 

fraction that is characteristic of an aged aerosol, relatively homogeneous in terms of concentrations at 

the regional scale. Conversely, the other sources (i.e. FF2, road dust, and aged sea salt) presented 

fairly stable concentrations during pollution episodes and the non-exceedance periods, and thus 

showed lower relative contributions during pollution episodes. 

Overall, this analysis reflects to what extent biomass burning and FF1 (likely dominated by traffic 

emissions) are taking part to PM2.5 critical events, being sources emitted over and/or around the city, 

thus potentially reduced by the implementation of local and regional actions. However, the relatively 

high and stable contribution of the AS-rich factor claims for a widespread (national to transnational) 

effort. Actually, spring and summer pollution episodes were more likely driven by secondary organic 

22

20

18

16

14

12

10

8

6

4

2

0

P
M

2
.5

 [
µ

g
 m

-3
]

                            

Winter
Spring
Summer
Fall
average

BB1 BB2 FF1 Road dust FF2 AS-rich Aged seasalt/dust

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

and inorganic formation processes. Thus, mitigation strategies should also be developed for gaseous 

precursors emissions, in particular NOx, SO2, NH3 and VOCs at both local and regional scales.  

 
 

 

Figure 4 : Contributions of the identified sources (µg m
-3

; %) to PM2.5 mass, (a) during pollution 
episodes where PM2.5 concentrations were above 25 µg m

-3
 (PM2.5 > 25 µg m

-3
), and (b) for the periods 

without such exceedances (PM2.5 < 25 µg m
-3

).  

 

4.  Conclusion 

 
A constrained PMF analysis was applied to a comprehensive PM2.5 dataset (i.e. large array of 

organic and inorganic tracers) collected over a one-year period (July 2011-July 2012) at an urban 

background site in Marseille. Constrained PMF results highlighted the relevance of using additional 

chemical constraints to improve the resolving power of the PMF and to generate cleaner factor profiles 

and their corresponding contributions. 

Two biomass burning factors were resolved and clearly related to different processes, i.e. BB1 

related to open green waste burning and BB2 related to residential heating during the coldest periods. 

Another interesting result was the separation of two fossil fuel combustion processes, the first (FF1) 

likely dominated by traffic emissions (high contributions of hopanes), and the second (FF2) likely 

dominated by the harbor/industrial activities (V, Ni, EC). The other identified factors were assigned to 

ammonium sulfate (AS) rich, road dust, and aged sea salt/dust rich.  

On annual average, the major contributors to PM2.5 mass were AS-rich (30%; 6.0 µg m
-3

) and 

the sum of the biomass burning factors (23%; 4.5 µg m
-3

). They were followed by FF1 (19%; 3.6 µg m
-
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3
), FF2 (18%; 3.5 µg m

-3
), road dust (7%; 1.4 µg m

-3
), and aged seasalt/dust rich (3%; 0.6 µg m

-3
). AS-

rich showed relatively homogeneous absolute contributions throughout the year with high contributions 

during the warm seasons (35-54%). On the contrary, BB1 showed the highest contribution in fall (33%; 

7.4 µg m
-3

) and BB2 in winter (14%; 3.3 µg m
-3

). FF1 contributed the most in winter (30%; 7.2 µg m
-3

), 

while FF2 presented the highest contribution in summer (37%; 5.1 µg m
-3

). The road dust showed the 

highest contributions in fall (13%; 2.9 µg m
-3

). 

This study revealed that during high PM pollution episodes (PM2.5 > 25 µg m
-3

), the largest 

contributing sources to PM2.5 were biomass burning (33%) and FF1 (dominated by traffic) (23%). 

During these episodes, a significant absolute contribution also arises from AS-rich. Therefore, the 

design of local mitigation actions to tackle PM2.5 concentrations in Marseille should focused on 

biomass burning and traffic sources, without disregarding the impacts of meteorological  conditions on 

PM concentration levels. However, a national to transnational plan to abate gaseous precursors (e.g. 

NOx, SO2, NH3 and VOCs) from different sources is demanded.  
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Highlights: 

 A constrained PMF analysis (ME2) successfully applied with a large array of organic and 

inorganic markers 

 Two distinct fingerprints for biomass burning resolved 

 Two signatures for the fossil fuel combustion processes separated 

 Secondary processes and biomass burning emissions are the major contributors to PM 2.5  
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