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Abstract. The composition of fine particulate matter (PM) in two major Greek cities (Athens 

and Patras) was measured during two wintertime campaigns conducted in 2013 and 2012, 

respectively. A major goal of this study is to quantify the sources of organic aerosol (OA) and 

especially residential wood burning, which has dramatically increased due to the Greek 20 

financial crisis. A high resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS) 

was deployed in both sites. PM with diameter less than 1 µm (PM1) consisted mainly of 

organics (60-75%), black carbon (5-20%) and inorganic salts (around 20%) in both Patras and 

Athens. In Patras, during evening hours, PM1 concentrations were as high as 100 µg m
-3

,
 
of 

which 85% were OA. In Athens, the maximum hourly value observed during nighttime was 25 

140 µg m
-3

, of which 120 µg m
-3 

was OA. 40-60% of the average OA was due to biomass 

burning for both cities, while the remaining mass originated from traffic (12-17%), cooking 

(12-16%) and long-range transport (18-24%). The contribution of residential wood burning was 

even higher (80-90%) during the nighttime peak concentration periods, and less than 10% 

during daytime. Cooking OA contributed up to 75% during mealtime hours in Patras, while 30 

traffic-related OA was responsible for 60-70% of the OA during the morning rush hour. 
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1. Introduction 

Fine particulate matter is associated with premature mortality and cardiovascular disease (Nel, 

2005), but also impacts climate, visibility, and ecosystems (Grantz et al., 2003; Hallquist et al., 35 

2009; Watson, 2002). An important fraction of submicrometer PM is organic representing 20 - 

90% of PM1 mass worldwide (Jimenez et al., 2009; Zhang et al., 2007) and originating from 

various anthropogenic and natural sources. Organic aerosol (OA) can be either emitted directly 

in particulate form, and is considered primary (POA) or can be produced in the atmosphere by 

oxidation of organic gaseous precursors and is considered secondary (SOA) (Kanakidou et al., 40 

2005; Turpin and Huntzicker, 1995). POA is emitted during combustion of fossil fuels, biomass 

burning, cooking, etc. (Hallquist et al., 2009; He et al., 2010; Mohr et al., 2009).  

 Aerosol mass spectrometry can quantify the mass spectra of OA and helps identify its 

sources (Jayne et al., 2000). Source apportionment techniques, such as Positive Matrix 

Factorization (PMF), are widely used in order to estimate the contributions of the various OA 45 

sources (Lanz et al., 2007; Mohr et al., 2009; Paatero and Tapper, 1994). Sources that are often 

identified include oxygenated OA (OOA), hydrocarbon-like OA (HOA), biomass burning OA 

(BBOA), and cooking OA (COA) (Aiken et al., 2009; He et al., 2010; Herndon et al., 2008; 

Huang et al., 2011; Mohr et al., 2009; Saarikoski et al., 2012; Zhang et al., 2007).  

 During wintertime, wood burning for domestic heating purposes is one of the main 50 

sources of OA in several countries (Alfarra et al., 2007; Puxbaum et al., 2007). Biomass burning 

is a major source of gas- and particle-phase air pollution on urban (Robinson et al., 2006; 

Schauer and Cass, 2000), regional (Watson, 2002; Wotawa and Trainer, 2000) and global (Bond 

et al., 2004; Lelieveld et al., 2001) scales. Violations of daily PM standards due to wood burning 

have been reported in major European cities such as London, Paris and Berlin (Fuller et al., 55 

2013; 2014). In several countries while traffic and industrial emissions are decreasing, the impact 

of residential wood burning emissions on air quality is increasing (Favez et al., 2010). 

 In Greece, the use of woodstoves and fireplaces has increased dramatically during the last 

few years. Pikridas et al. (2013) reported that biomass burning for heating purposes was the 

dominant source of OA during wintertime in Patras, the third biggest city of Greece. Elevated 60 

mass concentrations of PM2.5 (diameter less than 2.5 µm), due to wood burning were also 

observed in the capital and largest city of Greece, Athens, coinciding with the beginning of the 

economic crisis in Greece (Paraskevopoulou et al., 2014). Measurements conducted during 2010 

and 2012, in the city of Thessaloniki (Petrakakis et al., 2013) showed an increase of PM10 

(diameter less than 10 µm) by 13% and PM2.5 by 25% during domestic heating hours. Gaidajis et 65 
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al. (2014) reported the same behavior in Northern Greek cities (Kavala and Drama), where the 

daily average PM1 concentrations exceeded 40 µg m
-3

.  

 In this study, a HR-ToF-AMS was deployed in order to investigate the chemical 

composition of PM1 in two Greek cities (Athens and Patras) during two different wintertime 

periods (2012 and 2013). The PMF source apportionment algorithm, used unconstrained, was 70 

applied to the corresponding datasets, estimating the contributions of the different OA sources, 

without assuming any a priori knowledge of their origin. Previous studies in these areas have 

relied on filter-based measurements of the PM2.5 and PM10 concentrations (Argyropoulos et al., 

2012; Chaloulakou et al., 2003; Katragkou et al., 2009; Koulouri et al., 2008; Theodosi et al., 

2011) and had limited or no information about the composition of the OA. Few PM source 75 

apportionment studies are available for Athens. Dall'Osto and Harrison (2006) using an aerosol 

time-of-flight mass spectrometer (ATOFMS) found two dominant particle types in Athens: 

calcium-rich dust particles and secondary carbonaceous ones. The main objectives of this paper 

is to quantify the contribution of wood combustion and the fine PM levels of additional OA 

sources in the corresponding areas during wintertime.  80 

 

2.  Experimental Section 

2.1 Measurement Sites 

Patras: Patras is the third biggest city of Greece with 300,000 inhabitants and is situated at the 

foothills of Mount Panachaikon, overlooking the Gulf of Patras, 220 km west of Athens. The 85 

instruments were housed inside the campus of the Technological Educational Institute (TEI) of 

Patras (38
0
13’ N, 21

0
45’ E) and were monitoring from February 26 to March 5, 2012. The TEI is 

in the southwest of the city, surrounded by moderate traffic streets and houses and is considered 

an urban site (Fig. S1). Measurements of black carbon (BC) were made at the center of the city 

(38
0
14’ N, 21

0
44’ E), approximately 4 km away from the main site. A more detailed description 90 

of the two sites and the instrumentation used can be found in Pikridas et al. (2013). 

 

Athens: Athens is the capital and largest city of Greece, with approximately 5 million 

inhabitants within the Greater Athens Metropolitan area, which represents almost half of the 

country's population (Fig. S1). An extensive campaign was conducted in the center of Athens 95 

from January 10 till February 9, 2013, the year following the Patras campaign. The 

measurements took place at the premises of the National Observatory of Athens (NOA) at 
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Thiseio (37
0
58’ N, 23

0
43’ E). NOA is situated on the small hill of the Nymphs (100 m above sea 

level), overlooking the Acropolis and near the city center of Athens. 

 100 

2.2 Instrumentation 

The same instruments and sampling approach were used during both campaigns. More 

specifically:  

 HR-ToF-AMS: The Aerodyne Aerosol Mass Spectrometer (AMS), developed by Jayne et 

al. (2000), can provide continuous quantitative size and composition information for the non-105 

refractory (NR) components of submicron atmospheric aerosol in real time. The chemical 

composition of NR-PM1 organic and inorganic (nitrate, sulfate, ammonium and partially 

potassium) aerosol particles was monitored using a High Resolution Time of Flight AMS (HR-

ToF-AMS) (Canagaratna et al., 2007; DeCarlo et al., 2006; Drewnick et al., 2005). The sample 

during this study was not dried, and the vaporizer surface temperature was set at 600 
o
C. The 110 

HR-ToF-AMS measurements during both campaigns alternated between the V- and W-modes 

every 3 min, but only the V-mode data are presented here.  

 SMPS: The ambient aerosol number distribution, for particles smaller than 500 nm in 

diameter, was measured by a TSI Scanning Mobility Particle Sizer (SMPS) (model 3081) 

coupled with a Condensation Particle Counter (CPC) (model 3775). The system operated at a 115 

sheath flow rate of 5 L min
-1

, a sample flow rate of 1 L min
-1

, without drying the sample.  

MAAP: PM2.5 aerosol absorption was monitored continuously during the two campaigns by a 

Multi Angle Absorption Photometer (MAAP, Thermo Scientific Inc. model 5012). The MAAP 

estimates black carbon (BC) mass loadings by combining aerosol optical absorption and back 

scattering (Petzold and Schönlinner, 2004). The MAAP was set at a wavelength of 637 nm 120 

during the measurements and its inlet was heated to 70 
o
C. 

 PTR-MS: The VOCs during the Athens campaign were measured by a PTR-MS (Ionicon 

Analytik Inc.), the operation principles and application details of which can be found in 

Steinbacher et al. (2004). Additional information and analysis about these VOC measurements 

during the sampling period are presented by Kaltsonoudis et al. (2016). 125 

 Thermodenuder: The aerosol volatility was quantified using a thermodenuder (TD), 

based on the design of An et al. (2007). The TD consisted of a heating section in which particles 

were volatilized, followed by a denuder section, containing activated charcoal to remove the 

vapors. The air mass passed alternately through the bypass line and the heated section. The TD 

operated in the temperature range from 25 to 400 
o
C with a centerline residence time of 14 s at 130 
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25 
o
C. A detailed analysis of these measurements is presented in Louvaris et al. (2016) and 

Gkatzelis et al. (2016). 

 Gas monitors: The concentrations of CO, CO2, NOx and O3 were measured by the 

corresponding Teledyne monitors (models 300E, T360, T201 and 400E, respectively).  

 Filters: Three different filter samplers were used in order to collect PM2.5 samples for the 135 

measurement of organic carbon (OC), elemental carbon (EC), water-soluble organic carbon 

(WSOC) and the main ions. The Met One SuperSASS (Speciation Air Sampler System) was 

deployed during the Patras campaign, while a dichotomous Partisol sampler (Rupprecht & 

Patashnick Co., Inc.) and a Partisol FRM (Federal Reference Method) Model 2000 were used in 

Athens. Both teflon and quartz fiber filters were used in Athens and Patras at daily, 12-hour and 140 

6-hour collection intervals. Details about the filter extraction procedure and chemical analysis 

can be found in Pikridas et al. (2013) and Paraskevopoulou et al. (2014). 

 

2.3 AMS Data analysis 

All HR-ToF-AMS data were analyzed using the standard AMS software toolkit (SQUIRREL 145 

v1.53) while the high-resolution data were processed using the Peak Integration by Key Analysis 

(PIKA v1.10C, Sueper, 2011) software within Igor Pro 6.34A (Wave Metrics). For the 

determination of the elemental ratios measured by the HR-AMS both the method of Aiken et al. 

(2008) and the improved ambient calculation approach proposed by Canagaratna et al. (2015) 

were used. In order to calculate the collection efficiency (CE) of the HR-ToF-AMS, we 150 

combined the HR-ToF-AMS mass distributions and the SMPS volume distributions (for particle 

diameters between 10 and 500 nm) applying the algorithm of Kostenidou et al. (2007) every two 

hours. The algorithm was modified to take into account the BC measured by the MAAP, 

assuming that the BC had the same size distribution as the OA.  

 PMF analysis (Lanz et al., 2007; Paatero and Tapper, 1994; Ulbrich et al., 2009) was 155 

performed using as input the HR-AMS organic mass spectra (m/z values 12-200) in order to 

determine the different OA sources. The mass spectra of the identified factors and those in the 

literature have been compared using the theta angle (θ) between the corresponding vectors 

(Kostenidou et al., 2009). This method treats mass spectra signals as vectors in a multi-

dimensional space, with size equal to the number of m/z values used. Two spectra are considered 160 

to be the same, if the angle theta (θ) between them, is zero. In practice, a low value of the theta 

angle (less than 10
o
) indicates high similarity between the two spectra. This approach has been 
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utilized by commercially available software to match unknown mass spectra with references 

from mass spectral libraries (Stein and Scott, 1994). For the comparison of the OOA and HOA 

spectra with the ones in the literature, only HR spectra using the fragmentation table by Aiken et 165 

al. (2009) were used. The BBOA and COA spectra have been compared with almost all the 

corresponding spectra found in the database (both HR and unite mass resolution), resulting in 

higher theta values due to differences at m/z 18, 28, and 39. 

 

3. Meteorology  170 

During the Patras campaign, the ambient temperature ranged from 4 
o
C to 16 

o
C, with an average 

of 11 
o
C. The average RH was 75% (ranging from 40 to 90%) (Figure 1). Three types of air 

masses were identified using back trajectory analysis based on FLEXPART (Stohl et al., 2005) 

during the campaign (Fig. S2). The periods Feb. 25-26 and March 3-4 were characterized by air 

masses coming predominantly from western Greece (44% of the air masses). During February 175 

26-27 and March 5 the air masses had marine origin (14%), while air masses during February 28 

to March 2 were originating from central Greece and the Balkans (42%). Examples of the three 

categories are depicted in Fig. S3. 

 During the Athens campaign, the average ambient temperature was 12.5 
o
C (ranging 

from 6 
o
C to 19 

o
C), while the average RH was 71% (ranging from 25 to 95%) (Fig. 2). 180 

FLEXPART indicated four types of air masses arriving at the site. The first type originated from 

Africa and passed over the Mediterranean Sea. The second had marine origin coming from the 

west often passing over Sicily. The third came from the NE passing over the Aegean and the 

Eastern Balkans. Finally, the fourth type included air masses from central Greece and the 

western Balkans. Examples of these trajectories are depicted in Fig. S4 and a summary of the 185 

meteorological conditions is provided in Fig. S5.  

 

4. PM1 chemical composition and characteristics 

4.1 PM1 chemical composition 

Patras: The estimated mean value of the AMS collection efficiency (CE) during the wintertime 190 

campaign in Patras was 0.77±0.05. The density of organics estimated by the same algorithm was 

1.45±0.04 g cm
-3

, which is close to the one for Patras during the summer of 2012 (1.34±0.21 g 

cm
-3

, Kostenidou et al., 2015). The one-hour averaged PM1 mass concentration (estimated as the 

sum of the concentration of the AMS and MAAP) varied from a few µg m
-3

 up to more than 100 

µg m
-3 

(Fig. 1). The average PM1 mass concentration was approximately 25 µg m
-3

 (of which 2 195 
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µg m
-3 

was BC and 18 µg m
-3 

was
 
OA). The OA mass concentration increased dramatically 

during the evening hours, reaching levels up to 85 µg m
-3

. The OA also increased during the 

morning rush hour (7:00-10:00 LST), but the corresponding concentrations were less than 25 µg 

m
-3

. BC concentrations followed closely the variation of OA, with maximum values around 8 µg 

m
-3

 during nighttime and 4 µg m
-3

 during rush hour in the mornings. The nitrate mass 200 

concentration followed a similar trend with OA with significant peaks occurring both during the 

morning and evening hours. PM1 nitrate was on average 1 µg m
-3

, but higher values up to 5 µg 

m
-3

 were measured during the second half of the campaign (from March 1 to 5). The sulfate 

concentration was on average 2.6 µg m
-3 

and had smaller fluctuations during the campaign, 

indicating a different source origin. Chloride’s average mass concentration was 0.4 µg m
-3

, but 205 

reached values up to 7 µg m
-3

 (March 4). The ammonium concentration followed closely that of 

sulfate, chloride, and nitrate, indicating the formation of the corresponding ammonium salts.  

 

Athens: The mass concentrations of OA, sulfate, nitrate, ammonium, chloride, and BC are 

depicted in Fig. 2. The dominant component of PM1 was OA (61%). The average AMS CE 210 

during the campaign calculated by the Kostenidou et al. (2007) algorithm was 0.85±0.23 and the 

density of OA was 1.29±0.21 g cm
-3

. A similar OA density was estimated for Athens during the 

summer of 2012 (1.15±0.36 g cm
-3

, Kostenidou et al., 2015). During the wintertime campaign in 

Athens, the average total PM1 mass concentration was approximately 10 µg m
-3

 (of which, 2 µg 

m
-3 

was BC), while the hourly maximum value was 140 µg m
-3

 (of which 120 µg m
-3 

was OA). 215 

OA was the major component of PM1 with frequent nighttime (after 18:00 LST) peaks exceeding 

40 µg m
-3

 (Fig. 2). During most campaign days PM1 was lower than 20 µg m
-3

 due to frequent 

rain and strong winds (Fig. S6). BC during the nighttime was as high as 15 µg m
-3

, while the 

corresponding morning rush hour maximum was 8 µg m
-3

. Average ammonium mass 

concentration was low and around 0.4 µg m
-3

, while the average sulfate was 0.96 µg m
-3

. The 220 

nitrate was on average 0.48 µg m
-3

,
 
but its maximum values were up to 3.4 µg m

-3
 during 

nighttime. The correlation between OA and nitrate was moderate (R
2
=0.59).  

 During the high mass concentration days, and between 18:30 to 02:30 LST, OA was 

highly correlated (R
2
=0.95) with acetonitrile (PTR-MS, m/z 42, CH3CN

+
), indicating that 

biomass burning was the dominant OA source during these hours. As a reference, during the 225 

remaining period the correlation between OA and acetonitrile deteriorated to R
2
=0.54. During 

the same hours, isoprene (PTR-MS, m/z 69) and benzene (PTR-MS, m/z 79) both constituents of 

petrol fuel (Borbon et al., 2001), were also correlated (R
2
=0.93 and R

2
=0.95, respectively) with 
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OA, and also with each other (R
2
=0.95). Both compounds are emitted to the atmosphere by 

transportation sources (Langford et al., 2009). 230 

 

Diurnal profiles: The average diurnal profiles of the main PM1 species during the two 

campaigns are shown in Fig. 3. In Patras, the average OA and BC concentrations were 

characterized by two major peaks during the day (Fig. 3). The first one appeared at around 8:00 

LST coinciding with the morning rush hour traffic, while the second one, which was 235 

approximately two times higher for both OA and BC, at 20:00 LST. During the evening the OA 

and BC concentrations increased considerably, and were responsible for almost 90% of the total 

measured PM1 mass, until around midnight. Sulfate had a relatively flat diurnal profile, while 

nitrates had two peaks, which coincided with those of OA and BC. This suggests that nitrate and 

OA had at least to some extent, similar sources. The diurnal variation of chloride had a major 240 

morning peak at around 7:00 LST. This could be due to two Olympic-size swimming pools, 

located in a major athletic center, less than 1 km from the sampling site, since the peak coincides 

with their opening and cleaning hours. There was also an evening chloride peak (20:00 LST) 

coinciding with the peak of OA. 

 In Athens, the OA average diurnal profile was dominated by an evening peak at around 245 

23:00 LST, almost three hours later than in Patras campaign. BC exhibited two major peaks, one 

in the morning at 8:00 LST, which was attributed to the morning rush hour, and another one in 

the evening at 23:00 LST, coinciding with the OA peak (Fig. 3). This suggests that OA and BC 

probably originated from the same source during the night. Nitrate also displayed two peaks, one 

in the morning (9:00 LST) during the peak traffic hours, and another one in the late evening 250 

(23:00 LST). Chloride and ammonium exhibited an evening peak at 23:00 LST, while sulfate 

had once more a rather flat average diurnal profile.  

 

Size distributions: The average size distributions of the different aerosol species (sulfate, 

organics, ammonium, chloride and nitrate) as a function of the vacuum aerodynamic diameter 255 

are depicted in Fig. S7. In Patras, sulfate peaked at 340 nm, whereas OA peaked at 140 nm, 

implying that the PM1 particles during the sampling period had different composition at different 

size ranges. The size distribution of ammonium mainly followed that of sulfate, contrary to 

nitrate, which followed that of OA suggesting that a major fraction of nitrate was in the form of 

organonitrates (ON). In Athens, the sulfate size distribution peaked at 310 nm, close to value 260 
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during the Patras campaign, whereas OA at 250 nm. Nitrate peaked at the same diameter (250 

nm) as OA.  

 

4.1.1 Organonitrates 

The NO2
+
/NO

+
 ratio was used in order to estimate the concentration of particulate organonitrates 265 

(ON) (Farmer et al., 2010; Fry et al., 2009). Typical values of NO2
+
/NO

+
 for NH4NO3  have been 

reported to be in the range from 0.33 to 0.85 (Alfarra et al., 2006; Cottrell et al., 2008; Fry et al., 

2009), while those for organonitrates from 0.07 to 0.1 (Fry et al., 2009; Hao et al., 2014). In this 

work, the measured NO2
+
/NO

+
 ratio for pure NH4NO3 in Athens and Patras was equal to 0.59 

and 0.75, respectively. The fraction of ON to the total nitrate was estimated using the equation 270 

suggested by Farmer et al. (2010). The minimum observed NO2
+
/NO

+
 ratio during each 

campaign was 0.04 for Athens and 0.055 for Patras. The average ON fraction of the total nitrate 

in Athens and Patras was 42±25% and 45±14%, respectively. ON are also known to be 

components of SOA (Farmer et al., 2010; Fry et al., 2009; Ng et al., 2008). In Athens, during 

nighttime (17:00 till 3:00 LST), the average ON fraction was 38±20%, while during nights (from 275 

20:00 till 3:00 LST) with OA exceeding 15 µg m
-3

 the ON fraction was lower and equal to 

19±10%. This suggests that during biomass burning events ON is not the major component of 

nitrate. In Patras, the average ON fraction during evening peaks (16:00 till 24:00 LST, for the 

whole dataset) was 36±13%.  

 280 

4.2 OA elemental ratios 

The atomic oxygen-to-carbon ratio (O:C) of OA is a useful metric of its extent of oxygenation, 

which increases as the aerosol is exposed to atmospheric oxidants (Murphy et al., 2011; Sage et 

al., 2008). In Patras, the average O:C ratio was 0.42±0.09 following the Canagaratna et al. 

(2015) approach, while the hydrogen-to-carbon ratio (H:C) was 1.71±0.06. For comparison with 285 

literature, the corresponding values following the Aiken et al. (2008) approach were 0.33±0.07 

and H:C=1.53±0.05. The corresponding time series are shown in Figs. S8 and S9. In Athens, the 

average O:C ratio based on the Canagaratna approach was 0.32±0.11 (0.26±0.09 for the Aiken 

approach) while the H:C was 1.72±0.11 (1.59±0.11 using the Aiken approach). The temporal 

evolution of these ratios is also depicted in Fig. S8 and Fig. S9. The relatively low average 290 

values of O:C for both Athens and Patras are consistent with the OA being dominated by 

primary emissions (Allan et al., 2010). The corresponding O:C ratios during summertime for 

Athens and Patras were approximately 0.2 units higher (Kostenidou et al., 2015).  
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 Another metric of the extent of oxidation of atmospheric OA, is the average carbon 

oxidation state OSC, a value that increases upon oxidation (Kroll et al., 2011). The OSC for both 295 

cities was calculated by applying the equation proposed by Kroll et al. (2011): 

OSc = 2(O:C)-(H:C)      (1) 

In Patras, OSC was -0.88±0.19, ranging from -1.40 to -0.37 while in Athens, the OSC was on 

average -1.08±0.28 varying from -1.8 to 0.98 (Fig. S10).  

 The average diurnal profiles of O:C, H:C and OSC for both cities are shown in Fig. 4. In 300 

Patras, the O:C ratio increased significantly during the late night hours (2:00 to 7:00 LST), 

during the morning (peak at around 10:00 LST), and also at around 15:00 in the afternoon. In 

Athens, the O:C increased during the early morning hours and after 10:00 LST. The diurnal 

profiles of OSC were similar to those of O:C. The mean organic-aerosol-to-organic-carbon ratio 

(OA/OC) for Athens was 1.50±0.1, and varied between 1.2 and 2.2 during the measurement 305 

period, while in Patras it was 1.59±0.1, ranging from 1.3 to 2.  

 

5. Source apportionment of OA  

Positive matrix factorization (Paatero and Tapper, 1994)(PMF) was applied to the HR-ToF-AMS 

organic mass spectra (m/z up to 200), using the PMF Evaluation Tool, PET (Lanz et al., 2008; 310 

Ulbrich et al., 2009). The selection of the PMF solution was based on the comparison of the 

spectra of the calculated factor to those of the literature, their physical meaning, their diurnal 

cycles, the correlation of the factor’s resulting time-series with each other and other variables 

(usually concentrations of other pollutants), and finally based on the PMF-model residuals. For 

both campaigns, biomass burning was identified as the dominant source of OA, and was 315 

responsible for 40-60% of the total OA. The results for both cities are summarized in Figure 5. 

 For Patras, PMF solutions with 1 to 7 factors were investigated. In the three factor 

solution a BBOA, a HOA and an OOA factor were obtained, with BBOA being the dominant 

component of OA. Moving to a 4-factor solution, a second factor related to biomass burning was 

obtained quite different from the other, with a noticeable difference in both fractions of m/z 44 320 

and 60 (f44 and f60), and a high value of theta angle (θ=32
o
) between the mass spectra. In the five-

factor solution, a COA factor was added. The increase in the number of factors up to this point 

was accompanied by a reduction in the residuals. On the other hand, the model residuals for the 6 

and 7-factor solutions were almost identical to those of the 5-factor solution. Thus, a 5-factor 

solution was selected for the specific dataset (SI, Section 7, Figures S11-S17). The two biomass 325 

burning-related OA factors (BBOA-I and BBOA-II) dominated the measured OA composition 
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(almost 60%) during the evenings. The OOA factor accounted on average for 18% of the OA, 

while HOA and COA represented 12% and 11%, respectively. The BBOA, HOA and COA 

factors correspond to primary sources, whereas the OOA to atmospheric processing (secondary 

OA). The PMF factors’ time series and contribution to PM1 OA are depicted in Fig. 6.  330 

 In Athens the PMF model identified four sources of OA: BBOA (43%), OOA (24%), 

HOA (17%) and COA (16%).  Their time series and contribution to PM1 OA are depicted in Fig. 

7. A PMF analysis with up to 6 factors was performed (SI, Section 7, Figures S18-S24). By 

extending the solution from a 4 to a 5-factor solution, another biomass burning-related (BBOA-

1, 14% of OA) factor was generated in addition to the first one (BBOA, 39% of OA). The PMF 335 

residuals in this case decreased slightly and only for the two first days of the campaign (Fig. 

S19). For this solution, the mass concentrations of OOA (20% of OA), HOA (13% of OA), and 

COA (14% of OA) were pretty similar to those in the 4-factor solution. The 5-factor solution was 

not used because the two biomass burning factors resembled each other (θ=15
o
) and had similar 

diurnal profiles. 340 

 Figure 8 summarizes the mass spectra of the identified OA components. Each one of 

these is analyzed in the following sections. 

 

5.1 Biomass Burning-related Organic Aerosol 

Patras: The selected five-factor PMF solution for Patras included two BBOA-like factors named 345 

BBOA-I and BBOA-II. Both of these factors had significant contributions at the m/z values 60 

(C2H4O2
+
) and 73 (C3H5O2

+
), that are typical fragments of levoglucosan, a marker for biomass 

burning (Aiken et al., 2009; Alfarra et al., 2007; Cubison et al., 2011; Heringa et al., 2011). 

However, their mass spectra were quite different (θ=32
o
) and their time series had a rather low 

correlation to each other (R
2
=0.2). The two BBOA factors represented 60% of the OA on 350 

average during the campaign with their contribution rising to 90% or so during the night hours 

(18:00 to 24:00 LST). The fraction of m/z 60, characteristic of levoglucosan, was f60=0.025 in 

BBOA-I and much lower, f60=0.009, in BBOA-II.  

 The BBOA-I factor was by far the most important component of PM1 OA (40%) in 

Patras with a mean concentration of 7 µg m
-3

. BBOA-I levels increased after 16:00 LST, 355 

reaching values exceeding 35 µg m
-3

 at around 20:00 LST (Fig. 6). During the evening periods it 

represented up to 75% of the total OA while during the day its concentration was always less 

than 5 µg m
-3

. The BBOA-I factor correlated well with the AMS K
+
 (R

2
=0.76), and had modest 

correlations with the AMS total nitrate (R
2
=0.55), CO (R

2
=0.40), and BC (R

2
=0.27).  
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 BBOA-II was the second biomass burning-related factor, contributing 19% to the PM1 360 

OA in Patras. Its contribution was higher during the first days when it represented up to 40% of 

the total OA. Its mean value for the whole campaign was equal to 3.3 µg m
-3

, and its hourly 

maximum value almost 21 µg  m
-3

. BBOA-II correlated poorly with all the major AMS species 

(R
2
<0.1) and BC (R

2
=0.26). Its diurnal cycle exhibited two evening peaks, one at 18:00 (LST) 

and a smaller one at 22:00 (LST). Its mean mass concentration during daytime was less than 3 µg 365 

m
-3

, and close to the corresponding one of BBOA-I.  

 The BBOA-I and BBOA-II spectra for Patras are shown in Fig. 8. The BBOA-I spectrum 

had strong signals at m/z 29 (CHO
+
), 43 (C2H3O

+
), 60 (C2H4O2

+
) and 73 (C3H5O2

+
), while the 

spectrum of BBOA-II was characterized by lower signal in m/z values attributed to fresh OA, 

like 43, 55 and 57, and a stronger signal at m/z 44, which is usually related to aged organic 370 

aerosol (f44 was equal to 0.043). The contribution of m/z 60 in the BBOA-II spectrum was 67% 

lower compared to the BBOA-I spectrum, suggesting the evaporation of levoglucosan. There 

was also a prominent peak at m/z 39 as well as a peak at m/z 91, which can be indicative of 

aromatic species such as benzyl ions (Allan, 2003; Allan et al., 2004; Trainer et al., 2012). This 

m/z 91 peak was also present in the spectrum of the BBOA factor from the burning of olive tree 375 

branches in Greece (Kostenidou et al., 2013). The O:C ratio of BBOA-I was 0.3 while that of 

BBOA-II was equal to 0.26. The corresponding OA/OC ratios were 1.55 and 1.47. These two 

factors could correspond to different degrees of aging of the BBOA, different types of 

combustion or fuel, or a combination of these. 

 380 

Athens: The biomass burning OA (BBOA) factor contributed almost half (43%) of the OA in 

Athens. BBOA reached hourly levels up to 80 µg m
-3 

during the evening of the first day of the 

campaign, which was the coldest day during the period of the measurements. The average 

BBOA concentration was 2.3 µg m
-3

. However, when meteorological conditions were favorable 

(no precipitation), BBOA sharply increased after 17:00 LST, frequently reaching values greater 385 

than 20 µg  m
-3

  at  approximately 23:00 LST (Fig. 7). This peak was observed a few hours later 

in Athens than in Patras, potentially due to the different lifestyles in the two cities. A peak was 

also observed between 1:00 and 4:00 LST. A similar peak was present in the diurnal profile of 

the AMS K
+ 

(Fig. S25), implying a common source for both. This could be due to either morning 

combustion or vertical mixing. During the rest of the day the BBOA levels remained lower than 390 

1 µg m
-3

. 
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 BBOA and gas-phase acetonitrile (PTR-MS, m/z 42, CH3CN
+
) were strongly correlated 

(R
2
 =0.81). BBOA was also well correlated with AMS chloride (R

2
=0.88). Moderate correlations 

were observed with CO (R
2
=0.58), AMS K

+
 (R

2
 =0.40), BC (R

2
=0.33) and NOx (R

2
=0.29). High 

correlations were observed between BBOA and 2-methyl-3-buten-2-ol (MBO) (PTR-MS, m/z 395 

87) (R
2
=0.93) which is related with emissions from pine trees (Vlasenko et al., 2009), isoprene 

and furan at m/z 69 (C5H
+ 

 and
 
C4H5O

+
) (R

2
=0.88), methacrolein and methyl vinyl ketone 

(C4H7O
+
) at m/z 71 (R

2
=0.81), and m/z 85 (among possible candidates, ethyl vinyl ketone) 

(R
2
=0.9). These results are consistent with previous studies suggesting that wood burning is 

major source of biogenic VOCs (Akagi et al., 2011). The correlation between the BBOA factor 400 

in Athens and VOCs as measured by the PTR-MS are shown in Table 1. 

 The AMS spectrum of BBOA in Athens had prominent peaks at m/z 39 (C2H2
+
), 60 

(C2H4O2
+
) and 73 (C3H5O2

+
). A high contribution to the total organic signal was present at m/z 

29 mostly due to CHO
+
, consistent with the findings of Alfarra et al. (2007). The BBOA high 

resolution (HR) spectra, with the dominant ion families are represented in Fig. 8. The BBOA 405 

O:C ratio in Athens was 0.27. 

 

BBOA factor comparisons: The mass spectra of BBOA in Athens and BBOA-I in Patras had 

some similarity (θ=14
o
) with main differences at m/z 29, 39, 43, 57, 60 and 73 (Fig. S26). Their 

f44 were close to each other (0.02). The mass spectra of BBOA in Athens and BBOA-II in Patras 410 

were quite different (θ=25
o
). Their major differences were presented at m/z values 26, 28, 29, 39, 

41, 43, 44, 55, 57, 60, and 73.  

 The BBOA-I spectrum in Patras was similar to that for Fresno (θ=11
o
) (Ge et al., 2012), 

and to BBOA from the MILAGRO campaign (θ=14
o
)(Aiken et al., 2009) (Fig. S27). The 

BBOA-II spectrum in Patras was quite different (angles θ exceeding 24
o
) than those in the 415 

literature (Fig. S28). Calculation of the theta angle between the spectrum of BBOA-II and HR 

spectra of OOA factors revealed lower theta values (less than 30
o
) between these two types of 

spectra (Fig. S29), than between BBOA-II and other BBOA spectra, indicating a moderate 

resemblance of BBOA-II and chemically aged aerosol. The theta angle was lower than 30
o
 with 

the spectra of OOA in Fresno (Ge et al., 2012), New York (Sun et al., 2012), and SV-OOA from 420 

SOAR (Docherty et al., 2011).  

 The Athens BBOA spectrum was similar (θ=12
o
) to that of the BBOA factor in Fresno  

(Ge et al., 2012), had some similarity with spectra from the burning of ponderosa pine duff 
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(θ=21
o
) and the Alaska core Tundra duff (θ=22

o
) during FLAME-I (Sullivan et al., 2008). For 

the rest of the database spectra, the theta angle values exceeded 25
o 

(Fig. S30).  425 

 

5.2 Oxygenated Organic Aerosol (OOA) 

OOA is often considered as a surrogate for secondary OA due to both local production processes 

and long range transport of chemically aged OA from other areas.   

 430 

Patras: The OOA factor dominated daytime OA and its mass concentration increased during the 

last days of the campaign. The mean OOA was 3.2 µg m
-3

, while its hourly maximum value, 

around midday of March 5, was equal to 10.8 µg m
-3

. It represented 18% of the OA on average. 

For comparison, during summertime at the same area, OOA accounted for almost 80% of OA 

due to the higher photochemical activity (Kostenidou et al., 2015). The average diurnal pattern of 435 

OOA was relatively stable (Fig. 9) with small peaks during the morning (8:00 and 11:00 LST) 

and a little lower values after 18:00 LST. This pattern is consistent with a regional source and 

domination by atmospheric transport rather than local sources and processes The OOA was 

correlated reasonably well with particulate ammonium (R
2
=0.61) and sulfate (R

2
=0.56), while its 

correlation to nitrate was moderate (R
2
=0.38).  440 

 

Athens: In contrast to other measurement datasets in Athens, in which two OOA types were 

obtained by PMF (a very oxidized OA, V-OOA, and a moderately oxygenated, M-OOA) 

(Kostenidou et al., 2015), only one type was clearly present in Athens during the winter. The 

OOA factor dominated OA during the daytime and its mass concentration increased after 445 

January 28, when air masses originated from the Balkans and not from the Mediterranean Sea 

(SI, Sections 3 and 4). The average OOA concentration was 1.3 µg m
-3

, with a maximum value 

of 9.7 µg m
-3

. OOA was correlated with NH4
+
 (R

2
=0.65), SO4

2-
 (R

2
=0.58), and NO3

-
 (R

2
=0.67). 

The average diurnal concentration of OOA decreased smoothly during morning hours, reaching a 

minimum at around 15:00 LST, and increased again during the afternoon and evening, peaking 450 

at midnight (Fig. 9). This behavior could be due to nighttime SOA production from biomass 

burning-related VOCs such as monoterpenes (C10H16), and isoprene (C5H8) reacting with NO3 

radicals (Hodzic et al., 2009; Ng et al., 2008; Rollins et al., 2009). 

 In Patras, the wintertime OOA O:C ratio was 0.65 (Fig. 10). For comparison reasons, the 

O:C ratio for V-OOA, M-OOA and b-OOA during the summer campaign of 2012 in Patras, were 455 

0.81, 0.54 and 0.48, respectively (Kostenidou et al., 2015). In Athens, the O:C ratio for OOA 
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during the winter of 2013 was equal to 0.47 (Fig. 10). The corresponding values of O:C during 

summertime in Athens, for V-OOA and M-OOA were 0.68 and 0.56, respectively (Kostenidou et 

al., 2015).  

 460 

OOA factor comparisons: Both OOA spectra were characterized by a strong peak at m/z 44 

(mostly due to CO2
+
), related to the thermal decomposition of organic acids (Alfarra et al., 

2004), a lower one at m/z 43 (mostly due to C2H3O
+
), and another one at m/z 28, all consistent 

with the OOA spectra reported in other studies. The OOA spectra in the two cities were quite 

similar to each other (θ=11
o
), with the greater differences at m/z values 28 and 44. The OOA in 465 

Athens exhibited lower f44 (0.12) compared to the one in Patras (0.15).  

 The spectrum of OOA in Patras was quite similar to the OOAa and OOAb (θ=7
o
) for Po 

Valley (Saarikoski et al., 2012), the summertime spectra of moderate oxygenated OA (M-OOA) 

in Athens and Patras (θ=10
o
) (Kostenidou et al., 2015), and the LV-OOA spectra (θ=11

o
) from 

both the DAURE (Mohr et al., 2012) and SOAR campaigns (Docherty et al., 2011). Higher theta 470 

angles (θ=20-40
o
) were found when comparing it to spectra of SV-OOA (Fig. S31) from 

different studies, implying that the OOA in Patras was closer to LV-OOA, instead of SV-OOA. 

 The spectrum of OOA in Athens was similar to both the M-OOA identified in Athens 

(θ=8
o
) and Patras (θ=10.6

o
) during the summer (Kostenidou et al., 2015). It was also similar with 

the proposed biogenic OOA factor (b-OOA) (θ=10
o
) in Patras for the same summer period, and 475 

all the OOA (OOA-a, OOA-b, OOA-c) factors (θ=11-13
o
) identified in Po Valley (Saarikoski et 

al., 2012). The values of the theta angles between the OOA spectra in this study and spectra in 

the literature are summarized in Figure S31. 

 

5.3 Hydrocarbon-Like Organic Aerosol (HOA) 480 

Athens: The HOA mean value was 0.95 µg m
-3

, and its hourly maximum concentration was 34 

µg m
-3

. HOA was correlated with CO (R
2
=0.69) and NOx (R

2
=0.74), suggesting that traffic was a 

major HOA source. HOA was also correlated to AMS chloride (R
2
=0.75), and VOCs, such as 

methacrolein (MACR) (PTR-MS, m/z 71) (R
2
=0.74), naphthalene (PTR-MS, m/z 129) (R

2
=0.73), 

benzene (PTR-MS, m/z 79) (R
2
 =0.65), and the xylenes (PTR-MS, m/z 107) (R

2
 =0.7). The HOA 485 

correlation with BC for the whole campaign was low (R
2
=0.15). However, splitting the BC and 

HOA time series into two periods, one during the day (6:00-18:00 LST) and another one during 

the night (18:00-6:00 LST), led to high correlation during daytime (R
2
 =0.78) and low during the 

nighttime (R
2
 =0.15). A potential explanation of this behavior is that BC originated mainly from 
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diesel combustion sources during the day, while during the night it was associated with both 490 

traffic and wood burning. The average diurnal pattern of HOA in Athens was the same as that of 

BC (Fig. S34), and exhibited strong morning (8:00-9:00 LST) and evening peaks (20:00-23:00 

LST) consistent with increased traffic during morning and evening rush hours. 

 

Patras: HOA contributed on average approximately 10% to the total OA, while the 495 

corresponding HOA contribution during summer was 7% (Kostenidou et al., 2015). Its mean 

concentration was 2.1 µg m
-3

, and its hourly maximum value was 15.8 µg m
-3

. The strongest 

peak in the average diurnal cycle occurred in the morning (06:00–09:00 LST) and was probably 

associated with traffic emissions (Fig. 9). A peak in the afternoon (17:00–22:00 LST) was also 

present, but was frequently smaller. The time series of HOA showed poor correlation with NOx 500 

(R
2
 = 0.16), and BC (R

2
 = 0.2). Splitting again the BC and HOA time series into two periods, one 

during 4:00-16:00 LST, and another one during 16:00-4:00 LST, led to a higher correlation 

during the first period (R
2
 =0.48). However, no perfect correlation was expected, as the MAAP 

was monitoring 4 km away from the HR-ToF-AMS.  

 In Athens, the O:C for HOA was equal to 0.13, while its H:C ratio was 1.74. In Patras, 505 

the O:C ratio was 0.1, while the H:C ratio was equal to 1.83. The corresponding values of O:C 

during summertime of 2012 were 0.07 (Athens) and 0.1 (Patras) (Kostenidou et al., 2015). 

 

HOA factor comparisons: The two HOA spectra were also quite similar to each other (θ=13
o
) 

having characteristic peaks at m/z 41, 43, 55, 57, 69, 71, 83 and 85 etc., with little signal at m/z 510 

44 (Fig. S26). Their major differences were observed at m/z 28, 43, 44, 57, 69, and 71, which 

were generally higher in Patras. The f44 in the Athens spectrum was two times higher (0.04) 

compared to the Patras one. These mass spectra of HOA are similar to those of diesel exhaust 

(Canagaratna et al., 2004; Schneider et al., 2005), and other incomplete combustion sources.  

 Comparing the identified HOA spectra with literature values, the spectrum of HOA in 515 

Athens was similar (θ=6
o
) with the corresponding one from HOA in Patras during summertime 

(Kostenidou et al., 2015), and relatively similar with the majority of the other HOA spectra  in 

the literature (Aiken et al., 2009; Crippa et al., 2013; Ge et al., 2012; Saarikoski et al., 2012; Sun 

et al., 2011) (θ=10-15
o
), as presented in Fig. S32. The spectrum of HOA in Patras was very 

similar (θ=5-8
 o

) with the spectra of HOA in New York City (Sun et al., 2012), Fresno (Ge et al., 520 

2012), and the MILAGRO campaign (Aiken et al., 2009). 
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5.4 Cooking Organic Aerosol (COA) 

Patras: The COA factor identified during the campaign had a mean value of 2.1 µg m
-3

, and an 

hourly maximum value of 33.6 µg m
-3

. The diurnal profile of COA in Patras exhibited two peaks 525 

during the day. The major peak occurred in the late evening (18:00–24:00 LST) probably 

modulated by the boundary layer height, and a second significant peak around midday (10:00–

15:00 LST), both corresponding to typical Greek mealtimes (Fig. 9). Its contribution was similar 

to that of HOA. 

 530 

Athens: In Athens, COA exhibited strong night peaks at around 23:00 LST, with values up to 15 

µg m
-3

. Its mean value was 0.9 µg m
-3

. COA correlated moderately with BC (R
2
=0.32), and CO 

(R
2
=0.27), while the correlation between COA and individual VOCs measured by the PTR-MS 

was relatively poor, with R
2
 varying from 0.01 to 0.32. The temporal trend of COA in Athens is 

different from those in previous studies. Contrary to what was expected, no peak was found 535 

during lunch hours (12:00-15:00 LST). However, no other factor displayed a peak during these 

hours because of the meteorology (strong winds). A large nighttime peak, clearly affected by the 

decrease of the planetary boundary layer was present at around 23:00 LST (Fig. 9). This late 

peak is consistent with the late dinner hours of Athenians. 

 In Patras, the COA O:C ratio was 0.14, while the H:C ratio was equal to 1.71. In Athens, 540 

the O:C was 0.11, while the H:C was equal to 1.68. The corresponding values of COA O:C 

during summertime of 2012 were 0.21 (Athens) and 0.24 (Patras) (Kostenidou et al., 2015). 

 

COA factor comparisons: The COA spectrum, like the HOA one was characterized by the ion 

series CnH2n-1
+
 
 
, but also by CmH2m-1CO

+
 (m/z 41, 55, 69, 83, etc.) and CmH2m+1CO

+
 (m/z 29, 43, 545 

57, 71, 85, etc.) (Crippa et al., 2013; He et al., 2010) (Fig. 10a). The COA spectra in both cities 

had some similarity to the HOA spectra but were dominated by m/z 41 and 55 instead of m/z 43 

and 57. The signal of m/z 55 in the COA spectrum in Patras was almost twice that of the m/z 57. 

This characteristic of the COA spectrum was first reported by Lanz et al. (2007) and is related to 

charbroiling (Allan et al., 2010). The COA mass spectra in the two cities were very similar to 550 

each other with a theta angle of 8
o
, and minor differences at m/z 27, 28, 39, 41 and 43 (Fig. S26).  

The COA spectrum in Athens and Patras were rather similar to the COA spectra reported in 

Fresno (Ge et al., 2012), New York City (Sun et al., 2012) and Paris (Crippa et al., 2013) with 

theta angles values varying between 11-17
o
 (Fig. S33). Comparing the identified COA spectra 
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with the corresponding ones (called HOA-2) in Athens and Patras during summertime 555 

(Kostenidou et al., 2015), theta values higher than 20
 o

 were observed.  

 

6. Conclusions 

An aerosol mass spectrometer (HR-ToF-AMS) accompanied by a suite of aerosol and gas related 

instruments were used for the characterization of the OA in two of the biggest cities of Greece 560 

(Athens and Patras), during two consecutive winter periods (2012 and 2013). The carbonaceous 

PM (BC+OA) accounted for about 80% of the measured PM1 during the two field campaigns, 

and up to 95% during morning (5:00-10:00 LST) and evening (16:00-24:00 LST) hours.  

 During both wintertime campaigns, domestic wood burning was in general a more 

significant OA source than traffic. The PM1 consisted of biomass burning-related OA (25-42%), 565 

a contribution from traffic (BC =7-20% and HOA=9-10%), cooking activities (COA= 8-9%), 

and also oxygenated OA (OOA=13-15%). Sulfates, ammonium and nitrate accounted for 10%, 

4% and 5%, respectively, of the total PM1 in both cities. The OA O:C ratio for the Athens 

campaign was equal to 0.32, while in Patras 0.42, suggesting that the atmosphere in Athens had 

higher contributions on average by less processed emissions.  570 

 Biomass burning related factors were the dominant source (40-60%) of OA in both cities, 

and their mass concentration levels increased sharply during the evening hours (18:00- 24:00 

LST). The BBOA-I in Patras reached its maximum value at 20:00 LST, three hours earlier than 

the BBOA factor in Athens. A second biomass burning-related factor (BBOA-II) was also 

identified in Patras. The BBOA-II (19% of OA) had a quite different mass spectrum than the 575 

dominant BBOA-I factor. The two BBOA factors (BBOA-I and BBOA-II) exhibited different 

diurnal profiles, but comparable O:C ratios (0.30 and 0.26). In Athens, only one BBOA factor 

was identified by the PMF analysis. 

 In both sites the HOA factor had two peaks during morning (8:00-9:00 LST) and evening 

(20:00-23:00 LST) hours respectively. Its diurnal pattern in Athens followed closely that of BC, 580 

exhibiting strong peaks consistent with increased traffic during morning and evening rush hours. 

The two HOA spectra were quite similar to each other (θ=13
o
) and to the corresponding spectra 

reported in campaigns in New York City, Fresno, and Mexico City.  

 The diurnal profile of COA in Athens exhibited strong peaks only during the night at 

around 23:00 LST, while COA in Patras exhibited two major peaks during the day (13:00 and 585 

22:00 LST). The two COA mass spectra were very similar to each other with a theta angle of 8
o
 

and also quite similar to COA spectra in Fresno, New York City, and Paris.  
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 The OOA factor dominated daytime OA in both sites and correlated reasonably well with 

inorganic compounds. In comparison to summertime campaigns in the same cities during 2012, 

only one type of OOA was present during wintertime. The spectra of OOA in the two cities were 590 

quite similar (θ=11
o
) to each other, and were quite comparable (θ=8-11

0
) to the more oxygenated 

OA (M-OOA) identified during the summertime study.  

 Both measurement campaigns were conducted during relatively warm wintertime 

periods. The average ambient temperature for both campaigns was close to 12°C, ranging from 

6-19 °C in Athens, and 4-16°C in Patras. The contribution of wood burning is expected to be 595 

even higher for lower temperatures. 
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Table 1. Coefficient of determination R
2
 between the OA factors in Athens and VOCs  

m/z BBOA HOA COA OOA 

42 (acetonitrile) 0.81 0.67 0.35 0.20 

43 0.71 0.59 0.30 0.19 

47 (formic acid) 0.43 0.49 0.11 0.06 

59 (acetone, glyoxal) 0.70 0.61 0.31 0.25 

61 (acetic acid) 0.52 0.33 0.18 0.14 

69 (isoprene, furan) 0.88 0.63 0.31 0.14 

71 (MVK, MACR) 0.81 0.74 0.32 0.13 

73 (MEK) 0.75 0.61 0.31 0.21 

75 (hydroxyacetone) 0.69 0.41 0.24 0.09 

79 (benzene) 0.71 0.70 0.31 0.16 

81 (terpenes) 0.85 0.63 0.30 0.15 

85 (EVK) 0.90 0.68 0.34 0.14 

87 (MBO, C5, methacrylic acid) 0.93 0.59 0.33 0.15 

93 (toluene) 0.37 0.54 0.18 0.09 

95 (2 vinyl furan, phenol) 0.43 0.36 0.12 0.02 

99 (hexenal) 0.87 0.58 0.34 0.21 

101 (isoprene hyperoxides) 0.71 0.48 0.25 0.12 

105 (styrene) 0.54 0.55 0.19 0.09 

107 (xylenes) 0.47 0.65 0.23 0.11 

113 (chlorobenzene) 0.80 0.53 0.31 0.21 

115 (heptanal) 0.66 0.48 0.22 0.13 

121 (C9 aromatics) 0.47 0.66 0.21 0.10 

129 (octanal, naphthalene) 0.70 0.73 0.21 0.07 

135 (C10 aromatics) 0.50 0.64 0.21 0.12 

137 (monoterpenes) 0.71 0.52 0.25 0.19 

139 (nopinone) 0.67 0.41 0.22 0.18 

151 (pinonaldehyde) 0.32 0.26 0.09 0.06 

163 (C12 aromatics) 0.38 0.27 0.10 0.12 
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Figure 1. Fractional contribution and time series (hourly averages) of the main PM1 species 

during the Patras campaign. Also shown the temperature and RH. 
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Figure 2. Fractional contribution and time series (hourly averages) of the main PM1 species 990 

during the Athens campaign. Also shown the temperature and RH. 
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Figure 3. Average diurnal profiles for the main PM1 components during the Athens and Patras 

campaigns. The concentration of PM1 in Patras is shown in the right y-axis. 995 
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Figure 4. The diurnal profile of (a) the O:C ratio; (b) the H:C ratio; and (c) the OSC in Athens 

(black) and Patras (red). The ratios have been calculated following the Canagaratna et al. (2015) 

approach.  
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Figure 5. Average PM1 composition and organics source apportionment for Athens and Patras. 

The average PM1 for Athens was 10 µg m
-3

 while for Patras 25 µg m
-3
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Figure 6. Fractional contribution to OA and time series of the PMF factors during the Patras 

campaign. 
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Figure 7. The hourly fractional contribution to OA and time series of the PMF factors during the 

Athens campaign. 
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Figure 8. High resolution AMS mass spectra for the factors in (a) Athens and (b) Patras. 1015 

 

(a) 

(b) 

Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016-721, 2016
Manuscript under review for journal Atmos. Chem. Phys.
Published: 22 August 2016
c© Author(s) 2016. CC-BY 3.0 License.



39 

 

3.0

2.0

1.0

0.0

C
o
n
c
e
n
tr

a
ti
o
n
 (

µ
g
 m

-3
) 

(A
th

e
n
s
)

20151050

Hour of the Day

6

4

2

0

2.5

2.0

1.5

1.0

0.5

0.0

4

3

2

1

0

2.5

2.0

1.5

1.0

0.5

0.0

6

4

2

0

30

20

10

0

C
o
n
c
e

n
tr

a
ti
o
n
 (

µ
g
 m

-3
) 

(P
a
tr

a
s
)

10

8

6

4

2

0

 Patras

Athens

COA

OOA

Athens

 Patras

Athens

 Patras
HOA

BBOA

BBOA-II

BBOA-I

Athens

 

 

Figure 9. Diurnal profiles of the PMF factors in Athens (black) and Patras (red-yellow). On the 

left y-axis are the concentrations of Athens’ PMF factors, while on the right y-axis those of 1020 

Patras. 
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