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Section S1. Sampling and Analysis 

Study area and sampling site 

 

Figure S1: (Left panel) – Overview of the Greater Athens Area (GAA), with the Athens basin in 

the center, bordered by the Thriassion plain to the west. The red dot shows the location of the 

sampling site (Thissio). (Right panel) –  Closer view of the site’s surroundings in the historic center 

of Athens. Source for both images: Google Earth © , March 8 2021. 
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Laboratory procedures for determination of PAHs  

Quartz-fiber filter samples were spiked with a mixture of deuterated internal standards ([2H8] 

Naphthalene, [2H8]acenaphtylene, [2H10]acenaphthene, [2H10]fluorene, [2H10]phenanthrene, 

[2H10]anthracene, [2H10]fluoranthene, [2H10]pyrene, [2H12]benzo[a]anthracene, [2H12]chrysene, 

[2H12]benzo[b]fluoranthene, [2H12]benzo[k]fluoranthene, [2H12]benzo[a]pyrene, 

[2H14]dibenzo[ah]anthracene, [2H12]benzo[ghi]perylene, [2H12]indeno[1,2,3-cd]pyrene)  and solvent 

extracted with an accelerated solvent extraction System (Dionex ASE 300) with n-hexane - 

dichloromethane (50:50). The extracts were purified on a silica column, applying a modified protocol of 

(Parinos et al., 2019). PAHs were eluted with 10 mL n-hexane/ethyl acetate (9:1, v/v). The concentrated 

extract was placed into a glass vial for further concentration under a gentle nitrogen stream. 

[2H12]perylene  as an internal standard, was spiked into the vial before sealing and storage. 

Instrumental analysis of PAHs was carried out by an Agilent 6890N Gas Chromatographer, equipped 

with a 30m × 0.25mm ID × 0.25μm film thickness fused silica column (Agilent J&W DB-5MS) coupled 

with an Agilent Mass Selective Detector (MSD 5973, inert).  The analysis was operated using a selected 

ion monitoring (SIM) acquisition program. The chromatographic and mass spectrometric conditions 

were based on the study by Iakovides et al. (2019) with modifications.  First, 2μL of the final extract 

were injected into the GC-MS system using a cool-on-column inlet (50°C constant temperature and 45 

mL min -1 total flow). The steps of the GC oven temperature protocol were: initial 50°C temperature, 

hold for 1 min, 30 °C min-1 up to 150°C, then 5°C min-1 up to 300°C, hold for 20 minutes (54.33 min 

total run time). The transfer line was kept at 300°C, while the MS quadrupole and source temperature 

were modified to 150 and 230°C, respectively. Helium was used as carrier gas at a flow of 1 mL min−1.  

On the day of the analysis, injections with internal standards were run in order to calculate relative 

response factors. Each sample was spiked with standard mixture of 16 EPA deuterated PAHs for the 

calculation of the recovery efficiency. 

The PAHs standards were purchased from LGC Standards (Teddington, Middlesex, UK). SupraSolv 

solvents for gas chromatography n-hexane, dichloromethane, ethyl acetate and acetone were obtained 

from Merck (Darmstadt, Germany).  Finally, silica gel (0.040-0.063mm) was purchased from Sigma-

Aldrich Chemie GmbH (Taufkirchen, Germany). All the materials used (silica gel, anhydrous sodium 

sulphate, glass and cotton wool) were processed with an accelerated solvent extraction system (Dionex 

ASE 300) with n-hexane - dichloromethane (50:50). Glassware was cleaned at 400oC overnight and was 

rinsed with n-hexane before use. 

Information of the determined PAH members and their quantification are provided in Table S1.  
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Table S1: List of detected PAHs 

  

 

  

Ion  Name Abbreviation  Detection 

Limit  

(ng m-3) 

Rings  TEF Carcinogenic 

Group  

(IARC 2018) 

128 Naphthalene Nap 0.042 2 0.001 2B 

152 Acenaphthylene Acy 0.001 3 0.001 - 

154 Acenaphthene Ace 0.001 3 0.001 3 

166 Fluorene Flu 0.003 3 0.001 3 

178 Phenanthrene Phe 0.011 3 0.001 3 

192 Methyl-Phenanthrene C1-Phe 0.007 3 - - 

192 Methyl-Phenanthrene C1-Phe 0.007 3 - - 

192 Methyl-Phenanthrene C1-Phe 0.007 3 - - 

192 Methyl-Phenanthrene C1-Phe 0.007 3 - - 

206 Dimethyl-Phenanthrene 3.6 DMP 0.002 3 - - 

206 Dimethyl-Phenanthrene 2.6 DMP 0.002 3 - - 

206 Dimethyl-Phenanthrene 2.7 DMP 0.002 3 - - 

206 Dimethyl-Phenanthrene 1.3/2.10/3.9/3.10 

DMP 

0.002 3 - - 

206 Dimethyl-Phenanthrene 1.6/2.9 DMP 0.002 3 - - 

178 Anthracene Ant 0.002 3 0.01 3 

202 Fluoranthene Flt 0.002 4 0.001 3 

202 Pyrene Pyr 0.003 4 0.001 3 

216 Methyl-

Fluoranthene/Pyrene 

C1-202 0.003 4 - - 

216 Methyl-
Fluoranthene/Pyrene 

C1-202 0.003 4 - - 

216 Methyl-

Fluoranthene/Pyrene 

C1-202 0.003 4 - - 

216 Methyl-

Fluoranthene/Pyrene 

C1-202 0.003 4 - - 

228 Benzo[a]anthracene BaA 0.001 4 0.1 2B 

228 Chrysene Chr 0.002 4 0.01 2B 

252 Benzo[b & 

k]fluoranthene 

 BbkF 0.002 5 0.1 2B 

252 Benzo[e]pyrene BeP 0.001 5 0.01 3 

252 Benzo[a]pyrene BaP 0.001 5 1 1 

252 Perylene Per 0.002 5 0.001 3 

276 Indeno[1,2,3-cd])pyrene IP 0.004 6 0.1 2B 

276 Anthanthrene Anth 0.002 6 - 3 

278 Dibenzo[ah]anthracene DBahA 0.001 5 1 2A 

276 Benzo[ghi]perylene BghiP 0.003 6 0.01 3 

300 Coronene Cor 0.001 7 0.001 3 
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Section S2. Source apportionment 

PMF modeling 

PMF modelling (Paatero and Tapper, 1994) and specifically the ME-2 program(Paatero, 1999) as 

incorporated in the USEPA PMF software (Norris et al., 2014) was applied for identification and 

apportionment of carbonaceous aerosol sources. In short, the PMF model utilizes chemical speciation 

data to obtain source contribution times-series and a source profile matrix, minimizing the uncertainty-

weighted errors of the chemical mass balance equation, under non-negativity constraints for source 

contributions. The selection of the optimal number of sources to be resolved by the model is essentially 

a question of physical interpretation of the sources, model predictive ability and stability of the solution.  

In the present case, the dataset used consisted of 24-hour averaged samples. The 12-h samples collected 

during the winter campaigns were integrated for daily periods of 6:00-6:00 LST duration. In total, 104 

24-h samples were considered for the analysis. The carbonaceous aerosol speciation dataset consisted of 

OC and EC, PAHs, oxalate and levoglucosan. Low-MW, highly volatile PAH members (Nap, Acy, Ace, 

Flu, Phe) were not considered for the analysis since their temperature dependence can artificially bias 

results and also lead to underestimation of contributions for factors in which they would have a large 

participation (Wang et al., 2016). Mannosan and galactosan were also excluded to limit redundancy, 

since they recorded near-perfect correlations (r > 0.99) with levoglucosan. Total carbon (TC: sum of OC, 

EC) was included as a total variable in the PMF model, for a meaningful mass balance approach (Piletic 

et al., 2013; Valotto et al., 2017) 

Uncertainties for each data point (uij) were calculated as: 

𝑢𝑖𝑗 = √𝐷𝐿𝑗
2 +  (𝑥𝑖𝑗𝑅𝑗)2  

where DLj the detection limit of the species (j), Rj the calculated analytical precision in its determination 

based on replicate measurements in selected samples and xij its determined concentration on a sample (i) 

(Norris et al., 2008).The uncertainty of TC was calculated from uncertainties of its components (OC, 

EC) under standard rules of uncertainty propagation (square root of sum of squared uncertainties). 

Uncertainties of samples integrated from two 12-h measurements were calculated in the same way. Data 

values lower than the respective limits of detection were assigned the 5/6th of the LOD as uncertainty 

(Polissar et al., 1998). Missing values were substituted with the median concentration and linked to an 

uncertainty four times the median.  

The inclusion of species in the final model was based on their signal to noise (S/N) ratios, with those 

having S/N values lower than 0.5 (“bad” species) being excluded from the analysis and those with values 

in 0.5-2 (“weak species”) having their uncertainty tripled (Paatero and Hopke, 2003). The total variable 

had also its uncertainty tripled. In total, 16 species measured in filter samples were entered in the analysis, 

including 12 PAH members. Extra modelling uncertainty was included to account for random errors and 

variations in the source profiles leading to more stable solutions and to ensure standard residuals in the 

[-3,3] range for the majority of data points in the analysis (Callén et al., 2009). The repeatability of the 

lowest Q solution was tested using different starting seeds (20 replications). Rotational and random errors 

were assessed using the bootstrap (BS) and displacement (DISP) error estimation methods included in 
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the EPA PMF 5.0 software (Paatero et al., 2014). Details on PMF model design parameters are provided 

in Table S2 below, according to the reporting guidelines of Brown et al. (2015). 

Selected PMF solution 

PMF solutions with 3-8 factors were examined, with the decrease in QRobust / QEXPECTED being gradually 

halted beyond the first four factors. Moreover, the four-factor solution was deemed the most physically 

meaningful, given also that factor splitting was observed for solutions with more factors, with additional 

factors being dominated by single species.  

Three of the four factors were attributed to local combustion sources (biomass, gasoline, diesel/oil) and 

the fourth encompasses non-local/regional sources of carbonaceous aerosol. The selected solution 

reconstructed well the mass of TC (r: 0.90, slope: 0.88) and Σ-PAHs (r: 0.92, slope: 0.98). It was robust, 

displaying small rotational and random errors, as assessed by the bootstrap (BS) and displacement (DISP) 

procedures. Over 90% of 100 bootstrap replications were correctly matched to the initial solutions and 

no factor swaps were observed. Levoglucosan, as a marker of fresh biomass burning, was dominant since 

the initial solution (49%) in the respectively identified source. It was constrained in the two other primary 

combustion sources (pulled down maximally for a dQ of 0.50%), in order to achieve a clearer separation 

of sources – 86% in the biomass burning source of the constrained solution (Wang et al., 2016). Data on 

the PMF solution, performance evaluation and uncertainties are also provided in Table S2.  
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Table S2: Summary of PMF parameters and error estimation (EE) diagnostics 

a Species with signal to noise ratio (S/N) values between 0.5 - 2. Uncertainty tripled 

b Species with signal to noise ratio (S/N) values below 0.5 were not included in PMF 

c 2-3 ring PAHs (Nap-Phe) excluded due to their minor fractionation in the particle phase  

d Total variable uncertainty tripled 

e Estimated-to-observed 

f From 100 bootstrap runs, r = 0.6 (default) 

 

PMF parameters   

Software EPA PMF 5.0, ME-2,  robust mode 

Number of included species 16 

Number of samples 104 

Down-weighted (“weak”) species a Flt, Pyr, Levoglucosan 

Excluded (“bad”) species b,c Nap, Acy, Ace, Flu, Phe, Me-Phe, DMP, Ant, Me-Flt/Pyr, Anth 

Total Variabled TC 

Added modelling uncertainty 12% 

Number of runs 100 

Robust mode Yes 

Seed selection Random 

PMF diagnostics – base solution (4 factors) 

QTRUE 2702.6 

QROBUST 2664.0 

QROBUST / QEXP 2.40 

QROBUST / QEXP (-1 factor) 3.04 

QROBUST / QEXP (+1 factor) 2.22 

QROBUST / QEXP (+2 factor) 1.96 

QROBUST / QEXP (+3 factor) 1.89 

QROBUST / QEXP (+4 factor) 1.73 

PMF diagnostics – constrained solution (final) 

Constrains Levoglucosan, pulled down maximally, dQ: 0.50%, diesel/oil and 

gasoline factors   

dQ 12.4 (0.47%) 

QROBUST 2676.5 

Species with Q/QEXP > 3 - 

Cases with  Q/QEXP > 3 3 (2.9%) 

r2 0.82 for TC, 0.84 for Σ-PAHs 

Slope e 0.88 for TC, 0.98 for Σ-PAHs 

Unaccounted fraction 3% for TC, 7% for Σ-PAHs 

Error evaluation (bootstrap – BS, displacement – DISP) – constrained solution 

% of BS factors assigned f 90% for diesel/oil, 100% for the others 

DISP %dQ -0.002 

Species displaced All non-“weak” 

DISP swaps 0 
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Section S3: Temporal Variability of PAH concentrations and controlling factors 

Table S3: Studies for PAHs in the Greater Area of Athens (I – continued in the next page) 

 

Sampling period  Number of 

samples  

Sites  PM fraction  BaP  average  (ng m-3)  ΣPAHs  average  (ng m-3) Reference  

 02/1984 - 05/1984  43 4 sites (2 Urban Commercial, Urban 
Industrial, Industrial) 

TSP 2.3-5.7 - Athanasiou et al., 1986  

02/1984 - 02/1985 302 4 sites (2 Urban Commercial, Urban 

Industrial, Industrial) 

TSP   2.1-4.0 (BeP + BaP)  13.2-24.2 (9 PAHs) Viras et al., 1987 

02/1984 - 02/1985 172 5 sites (2 Urban Commercial, Urban 

Industrial, Industrial, Rural Background) 

TSP 1.5-4.2 (min:0.1, max:12.5) - Viras et al., 1990 

02/1984 - 02/1986 650 4 sites (2 Urban-Commercial, Urban 

Industrial, Industrial) 

TSP 1.8-4.0 12.3-24.2 (9 PAHs)  Viras and Siskos, 1993 

01/1996 - 12/1996 32 Urban Background TSP 0.61 (0.18-1.32) 23.9 (9.3-33.8) (8 PAHs) Marino et al., 2000 

12/1997 - 07/1998 19 Urban Traffic TSP  - 51.1 (4.6 - 278.0) (8 PAHs)                     Sitaras and Siskos, 2001 

07/2000 9 Urban Background, Suburban 

Background, Regional Background 

TSP Urban Background: 0.17  Urban Background: 4.94 

(20 PAHs)  

Mandalakis et al., 2002 

05/2001 - 06/2002 186 4 sites (Urban Traffic - ARI, Urban - 

MAR,  Suburban Background -THR,  

Urban Industrial - ELE) 

PM10 MAR: 0.16 (0.01-0.80), 

ARI: 0.56 (0.03-4.68),  

ELE: 0.71 (0.02-4.18), 
THR: 0.04 (0.01-0.24)   

MAR: 2.84 (0.19-7.60), 

ARI: 8.54 (1.80-52.13), 

ELE: 7.93 (0.60-38.38), 
THR: 0.66 (0.28-1.93) (13 

PAHS) 

Mantis et al., 2005 

12/2003 - 02/2004,  

05/2004 - 07/2004  

14 Urban Traffic TSP, PM10.2, PM2.1   TSP: 2.89 

PM10.2: 0.48 
PM2.1: 0.29 

- Valavanidis et al., 2006 

06/2003, 11/2003 - 12/2003 55 2 sites (Suburban Background -  S1, S2) TSP S1: 0.21 (0.02-1.36)          

S2: 0.25 (0.02-1.28) 

S1: 3.21 (0.44–13.2),                 

S2: 3.08 (0.51-12.7)          

(14 PAHs) 

Vasilakos et al., 2007 
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Table S3: continued 

 5 

 

Sampling period  Number of 

samples  

sites  PM fraction  BaP ng m3 (average)  ΣPAHs ng m3 (average) Reference  

6/2003 - 7/2003   14 Urban Background Ultrafine (PM0.2), 
accumulation (PM0.2–1), 

intermodal (PM1–2.5) and 

coarse (PM2.5–10) 

PM10: 0.05, PM2.5: 0.05,  PM10: 2.93, PM2.5-10: 1.19, 
PM0.2-2.5: 1.46, PM0.2: 0.275 

(32 PAHs) 

Saarnio et al., 2008 

08/2003,  03/2004 - 2 sites (Urban Traffic: Athinas, Urban 

Background:  AEDA) 

PM2.5, PM2.5-10   08/2003 Athinas: PM2.5: 0.10 

03/2004 Athinas: PM2.5: 2.05  

03/2004 AEDA PM2.5: 1.54 

08/2003 Athinas: PM2.5: 1.17 

03/2004 Athinas: PM2.5: 28.91 

03/2004 AEDA PM2.5: 32.61 

Andreou and 

Rapsomanikis, 2009 

04/2010 - 04/2011 60 21 sites (7 Urban Traffic, 14 Urban 
Background) 

PM2.5  0.25 (0.11−0.76) 2.00 (8 PAHs) Jedynska et al., 2014 

01/2013 - 02/2014 - Suburban Background PM2.5  Winter: 0.21 (0.10-0.30) 

Summer: 0.06 (0.05-0.12) 

Winter: 3.44, Summer: 0.66 

(27 PAHs) 

Alves et al., 2017 

12/2013 - 02/2014 21 Urban Background PM2.5 3.8 (0.3-13.4) - Fourtziou et al., 2017a 

11/2013, 09/2014 104 Urban Traffic PM10, PM2.5, PM1  PM10: 15.80, PM2.5: 7.73, 

PM1: 7.38 (20 PAHs)  

Pateraki et al., 2019 

2008 20 3 sites (Suburban Background - site 1), 

Urban Industrial - site 2)  Coastal 
Background -site 3) 

PM2.5, PM1 PM2.5: Site 1: 0.02, Site 2: 

0.06, Site 3: 0.04 
PM1: Site 2: 0.04, Site 3: 

0.004 

PM2.5: Site 1: 0.43, Site 2: 

1.56, Site 3: 0.93   
PM1: Site 2:  0.90, Site 3: 0.21 

(20 PAHs) 

Pateraki et al., 2019 

12/2018 - 02/2019, 5/2019-

7/2019 

30 Urban Industrial PM10 Total: 0.93 (0.04-3.07), Cold 

period: 1.03 (0.23-2.34), 

Warm period: 0.57 (0.04-
3.07) 

Total: 7.07 (1.27-16.50), Cold 

period: 8.44 (2.88-16.50), 

Warm period: 2.01 (1.27-4.46) 
(15 PAHs) 

Koukoulakis et al., 2020 

06/2018 – 05/2019 56 Urban Industrial PM10 Total: 1.4,  Summer: 0.09, 

Autumn: 3.6, Winter: 1.7, 
Spring: 0.43             

Total: 9.8, Summer: 0.60, 

Autumn: 20.6, Winter: 13.0, 
Spring: 5.0 (13 PAHs) 

Kanellopoulos et al., 2021 

12/2016 - 01/2018 156 Urban Background PM2.5 Total: 0.44, Winter: 0.81, 

Spring: 0.02, Summer: 0.04, 

Autumn: 0.10  

Total: 7.64, Winter: 13.48, 

Spring: 2.53, Summer: 0.89, 

Autumn: 2.19 (31 PAHs) 

This study  
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Figure S2: Comparison of results from the present study (for the calendar year of 2017 at Thissio, 

Athens), with results from a yearlong study 15 years earlier, preceding the Greek economic 

recession (June 2001 – May 2002, at Maroussi, Athens). Both sites are located more than 300m 10 
from major roads. Displaying results for BaP, BaPeq, the sum of carcinogenic PAHs (Σ-carc) and 

Σ-PAHs (Mantis et al., 2005).  
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Table S4: Seasonal variability of PAH levels (winter vs. non-winter measurements) and p-values 

for statistical significance of mean differences (t-test, assuming non-equal variances). Winter 15 
corresponds to the December 2016 – February 2017 and December 2017 – January 2018 periods. 

Name Season Mean p 

Nap Winter 0.59 <0.01 

  Non-Winter 0.12 <0.01 

Acy Winter 0.06 <0.01 

  Non-Winter 0.02 <0.01 

Ace Winter 0.08 <0.01 

  Non-Winter 0.01 <0.01 

Flu Winter 0.11 <0.01 

  Non-Winter 0.03 <0.01 

Phe Winter 0.43 <0.01 

  Non-Winter 0.11 <0.01 

Σ C1-Phe Winter 0.02 0.02 

  Non-Winter 0.01 0.02 

Σ   DMP Winter 0.08 <0.01 

  Non-Winter 0.02 <0.01 

Ant Winter 0.09 <0.01 

  Non-Winter 0.01 <0.01 

Flt Winter 0.36 <0.01 

  Non-Winter 0.10 <0.01 

Pyr Winter 0.39 <0.01 

  Non-Winter 0.12 <0.01 

Σ C1-202 Winter 0.15 0.06 

  Non-Winter 0.00 0.06 

BaA Winter 0.60 <0.01 

  Non-Winter 0.02 <0.01 

Chr Winter 0.99 <0.01 

  Non-Winter 0.04 <0.01 

BbkF Winter 3.39 <0.01 

  Non-Winter 0.29 <0.01 

BeP Winter 0.97 <0.01 

  Non-Winter 0.07 <0.01 

BaP Winter 0.82 <0.01 

  Non-Winter 0.05 <0.01 

Per Winter 0.25 <0.01 

  Non-Winter 0.01 <0.01 

IP Winter 1.40 <0.01 

  Non-Winter 0.11 <0.01 

Anth Winter 1.02 <0.01 

  Non-Winter 0.04 <0.01 

DBahA Winter 0.17 <0.01 

  Non-Winter 0.01 <0.01 

BghiP Winter 1.30 <0.01 

  Non-Winter 0.10 <0.01 

Cor Winter 0.35 <0.01 

  Non-Winter 0.03 <0.01 
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Partitioning 

The estimation of PAHs partitioning between gas and particulate phase was made based on the 20 
partitioning theory of semi-volatile organics due to absorption by organic material in the particle phase 

(Pankow, 1994). Many studies on PAHs had used the same method (e.g Andreou and Rapsomanikis, 

2009; Xie et al., 2013). The gas/particle concentration ratios are calculated through the partitioning-

absorption equations and the calculation of the partitioning coefficient Kp. 

𝑘𝑃,𝑂𝑀 =  
𝑃

𝐺 𝑀𝑂𝑀

 25 

𝑘𝑃,𝑂𝑀 =
𝑅𝑇

106𝑀𝑊𝑂𝑀 ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ 𝜁𝑂𝑀 𝑝𝐿
0  

where kP,OM is the coefficient of partitioning (m3 μg-1) to the absorbing organic aerosol material (OM), G 

and P the mass fractions of each PAH in the gas and particle phase, respectively (ng m-3), MOM  is the 

mass concentration of particle-phase OM (ng m-3), 𝑀𝑊𝑂𝑀  ̅̅ ̅̅ ̅̅ ̅̅ ̅ the average molecular weight of OM, ζΟΜ  is 

the activity coefficient of each PAH in the absorbing OM phase and pL
0 (atm) is the vapor pressure of 30 

each pure PAH compound in the ambient temperature of interest.  

For MOM concentrations we used the ACSM-measured OA, and – where data were missing – we inserted 

the measured OC concentrations multiplied by an OA/OC factor of 1.6, that has been shown to be 

representative in the sampling site (Stavroulas et al., 2019) An average MWOM of 200 g mol-1 was set, in 

accordance with relevant studies for urban sites (Williams et al., 2010; Xie et al., 2013). Various studies 35 
have reported mean MW in the range of 270-340 g mol-1 for highly processed OM (Romonosky et al., 

2016; Vogel et al., 2016) and consequently we consider 200 g mol-1 to be a reasonable approximation at 

our site where there is a substantial fraction of primary and less processed OM year-round (Stavroulas et 

al., 2019).  

For the calculation of pL
0

 the following equation was used:  40 

pL
0 = pL

0* exp [
𝛥𝛨𝑣𝑎𝑝

∗

𝑅
(

1

298.15
−  

1

𝑇
)] 

where pL
0* is the vapor pressure of each PAH at 25oC, ΔΗvap

* is its vaporization enthalpy as a liquid, and 

T is the average temperature during each sample’s duration. The values of the two thermochemical 

parameters were retrieved from published databases in scientific review articles (Achten and Andersson, 

2015; Roux et al., 2008). 45 

The results indicate that, as expected, the largest fractions of LMW PAHs are partitioned in the gas phase 

(71% - 100%). Most MMW and all HMW PAHs are partitioned preferentially in the particle phase, at 

rates ranging between 90%-100%, with the exception of the lighter Flt and Pyr. The results support the 

decision not to include the LMW PAH members in the source apportionment analysis, since their 

temperature-dependent partitioning could induce large uncertainties in the source-receptor relationships. 50 
It also appears that it was indeed useful to downweight the involvement in the PMF model of Flt and Pyr 

(15%, 25% in the particle phase).  
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Figure S3: Gas-Particle Fractions (a) in PAH members for the entire sampling season and (b) in 

LMW, MMW and HMW PAHs in winter and non-winter season. 70 
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Table S5: Correlations of PAHS with O3, NOx and CO concentrations. UB signifies the Thissio urban background site, TR the traffic Athinas Str. site of the regulatory air 

quality monitoring network (0.9 km to the NE of Thissio).  

 

 

PAHs NOx - UB (N=104) NOx - TR (N=97) CO - UB (N=134) O3 - UB (N=133) NOx - UB (N=41) NOx - TR (N=65) CO - UB (N=71) O3 - UB (N=70) NOx - UB (N=63) NOx - TR (N=32) CO - UB (N=63) O3 - UB (N=63)

NAP 0.18 0.40 0.35 -0.33 0.18 0.36 0.23 -0.15 0.03 -0.01 0.07 -0.12

ACY 0.20 0.56 0.47 -0.39 0.28 0.54 0.40 -0.32 -0.08 -0.25 -0.09 -0.02

ACE 0.20 0.37 0.31 -0.32 0.24 0.33 0.19 -0.15 -0.04 -0.13 -0.01 -0.11

FLU 0.21 0.34 0.30 -0.30 0.36 0.29 0.20 -0.15 -0.08 -0.04 -0.05 0.02

PHE 0.18 0.18 0.21 -0.25 0.13 0.06 0.02 0.05 0.02 0.17 0.06 0.03

Σ C-Phe 0.20 0.01 0.09 -0.18 0.08 -0.05 -0.04 0.04 0.45 0.66 0.49 -0.51

Σ  DMP 0.28 0.42 0.35 -0.31 0.24 0.40 0.26 -0.14 0.26 0.20 0.31 -0.35

ANT 0.30 0.43 0.40 -0.37 0.32 0.39 0.29 -0.24 0.21 0.10 0.25 -0.30

FLT 0.09 0.26 0.29 -0.35 0.04 0.10 0.07 -0.11 -0.16 0.27 -0.10 0.20

PYR 0.05 0.50 0.41 -0.34 0.14 0.40 0.37 -0.33 -0.23 0.43 -0.16 0.29

C1-202 0.45 0.83 0.69 -0.41 0.56 0.83 0.70 -0.51 0.39 0.53 0.55 -0.49

BaP 0.12 0.78 0.69 -0.43 0.06 0.78 0.67 -0.45 0.23 0.50 0.40 -0.35

CHR 0.52 0.83 0.81 -0.50 0.63 0.82 0.82 -0.60 0.32 0.49 0.49 -0.46

 BbkF 0.58 0.88 0.86 -0.59 0.72 0.87 0.86 -0.69 0.29 0.51 0.47 -0.33

BeP 0.56 0.86 0.85 -0.55 0.63 0.85 0.85 -0.64 0.46 0.59 0.63 -0.57

BaP 0.37 0.81 0.81 -0.47 0.64 0.81 0.84 -0.59 -0.01 0.48 0.08 0.05

PER 0.29 0.83 0.81 -0.49 0.31 0.82 0.82 -0.57 -0.04 0.36 0.11 -0.07

IP 0.57 0.88 0.83 -0.59 0.67 0.87 0.82 -0.67 0.36 0.59 0.55 -0.49

ANTH 0.24 0.77 0.68 -0.50 0.20 0.75 0.62 -0.46 0.37 0.58 0.56 -0.45

DBahA 0.30 0.70 0.73 -0.51 0.34 0.68 0.69 -0.55 0.14 0.47 0.29 -0.35

BghiP 0.41 0.89 0.87 -0.62 0.40 0.88 0.86 -0.69 0.46 0.65 0.63 -0.57

COR 0.59 0.86 0.75 -0.52 0.64 0.86 0.74 -0.63 0.68 0.73 0.81 -0.73

Full Period Winter Non-Winter
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Section S4: Investigating intense pollution events: nighttime vs. daytime 80 

 

 

 

 

 85 

 

 

 

 

 90 

 

 

 

Figure S4: Temporal variability of meteorological parameters (1-hour values, left) and BC-ΣPAHs 

(right) during the two winter periods (2016-2017: upper panels, 2017-2018: lower panels). 95 
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Table S6: Pearson correlations (r and statistical significance p) between ΣPAHs and other tracers, 

for nighttime and daytime winter samples, during intense pollution events (IPE) 

 
IPE SAMPLES  

DAY  NIGHT   
r p Number r p Number 

nss-K+ *** 0.13 0.58 20 0.81** <0.01 30 

BC 0.10 0.70 18 0.92** <0.01 28 

BCbb 0.20 0.43 18 0.95** <0.01 27 

BCff 0.04 0.88 18 0.81** <0.01 25 

BCbb vs nssK+  0.35 0.16 18 0.72** <0.01 27 

nssK vs 

Levoglucosan*** 

0.83** <0.01 10 0.84** <0.01 17 

nssK vs 

Mannosan*** 

0.84** <0.01 10 0.86** <0.01 17 

nssK vs 

Galactosan*** 

0.71** <0.01 10 0.83** <0.01 17 

OC 0.38 0.10 20 0.92** <0.01 30 

EC 0.14 0.56 20 0.53** <0.01 30 

Levoglucosan 0.87** <0.01 10 0.93** <0.01 17 

Mannosan 0.89** <0.01 10 0.93** <0.01 17 

Galactosan 0.75** <0.01 10 0.90** <0.01 17 

m/z 60 0.14 0.55 20 0.88** <0.01 30 

m/z 73  0.07 0.78 20 0.86** <0.01 30 

OA  0.17 0.48 20 0.90** <0.01 30 

HOA -0.08 0.83 10 0.80** <0.01 13 

BBOA 0.20 0.59 10 0.93** <0.01 13 

COA -0.37 0.29 10 0.55* 0.05 13 

SV-OΟΑ 0.02 0.95 10 0.90** <0.01 13 

LV-OOA -0.06 0.87 10 -0.15 0.62 13 

SO4
2- *** 0.09 0.72 20     0.24 0.21 29 

NO3
-*** -0.05 0.83 20     0.31 0.10 30 

 100 

* Correlation statistically significant at the 0.05 level 

**Correlation statistically significant at the 0.01 level 

***From filter analysis 
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 105 

 

 

 

Figure S5: Scatterplot of BaP with sum of carcinogenic PAHs (upper panel) and Σ-PAHs (lower 

panel), during the IPE days (yellow) and nights (blue). 110 
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Table S7: Concentration ± standard deviation (μg m-3) and diagnostic ratios of monosaccharide 

anhydrides during intense pollution events (IPE).  

 

  115 

 
IPE day  IPE night  

Levoglucosan 0.27 ± 0.13 2.79 ± 2.03 

Mannosan  0.03 ± 0.01 0.34 ± 0.26 

Galactosan  0.01 ± 0.01 0.14 ± 0.11 

Levoglucosan/Mannosan 8.35 ± 0.56 8.22 ± 0.58 

Mannosan/Galactosan 2.64 ± 0.53 2.46 ± 0.21 

ΣPAHs (ng m-3)/Levoglucosan (μg m-3) 30.27 ±11.31 14.25 ± 3.43 

Levoglucosan/(Mannosan + Galactosan) 6.01 ± 0.44 5.83 ± 0.48 
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Section S5: PMF source characterization  

The contribution profiles of the four sources are provided in Figure 2. Bivariate polar plots of source 

contributions to Σ-PAHs depending on wind speed and direction are presented in Figure S6 and a 

comparison of standardized mean contributions between winter/non-winter months in Figure S7.  

Characterization of identified sources 120 

Local combustion-related sources (biomass, gasoline, diesel/oil) 

• Statistical significant correlations with external combustion tracers (BCff, BCbb, CO).  

• BaA/(BaA+Chr) diagnostic ratios (DR) over 0.35, indicative of pyrogenic origin. IP/(IP+BghiP) 

DR over 0.20, indicative of pyrogenic origin (Katsoyiannis et al., 2011). 

• Significantly higher (p < 0.01) contributions during the winter months (December – February) 125 

compared to the rest of the year (Figure S7), reflecting known seasonal patterns of residential 

heating and vehicular traffic at the Thissio urban background site, combined with a shallower 

winter boundary layer (Stavroulas et al., 2019; Liakakou et al., 2020).  

 

Biomass Burning 130 

• High loadings in levoglucosan, a key BB marker. 

• Important loadings in 5-6 ring PAHs (Taghvaee et al., 2018; Masiol et al., 2020).  

• Ηigh loadings in BaA, Chr, BbkF, BaP, Per(Srivastava et al., 2018; Li et al., 2018). 

• Strong presence of BaP in the factor consistent with past findings at Thissio reporting direct 

associations between wintertime BaP levels and several BB tracers (Fourtziou et al., 2017). 135 

• A recent PM2.5 source apportionment study in Athens showed a PM2.5 BB source profile to be 

dominated by MMW and HMW PAHs, including BaP, BaA, Chr, IP (Pateraki et al., 2019). 

• Notable BB contributions to BaA, Chr, BaP and DBahA reported in Thessaloniki, Greece, by 

chemical mass balance (CMB) source apportionment (Manoli et al., 2016). 

• An important impact of BB on DBahA reported in Thessaloniki, Greece, where average urban 140 

background concentrations increased by 20 times between the winters of 2012 and 2013, due to 

dramatically enhanced residential wood burning (Saffari et al., 2013). 

• Τhe highest IP/(IP+BghiP) DR among sources, with a value exceeding 0.5 (0.57), indicative of 

solid fuel combustion (Dvorská et al., 2011; Lin et al., 2015). 

• The only oner of the four sources with an Flt/(Flt+Pyr) ratio higher than 0.5 (0.60), which also 145 

suggests wood burning emissions (Yunker et al., 2002). 

• OC/EC ratio of 4.2 in the source profile, higher than for the petroleum-related sources, 

characteristic of fresh BB emissions and comparable to the value (3.7) calculated for the BB 

source at the same site by a long-term PM2.5 source apportionment study (Theodosi et al., 

2018a). 150 

• The highest correlations among sources with external BB tracers (BCbb: r = 0.93; nssΚ+: r = 

0.61, m/z 60: 0.88; m/z 73: 0.86). 
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• Strong correlation (r = 0.85) with the BBOA component estimated from PMF analysis in the 

ACSM data.  

• Uncorrelated with BCff and CO during the non-winter months.  155 

• The polar plot for source contributions (Figure S6) indicate its local character, with an 

enhancement of concentrations for low-wind conditions, as it has been observed at the same site 

for fresh BB aerosols emitted in central Athens (Stavroulas et al., 2019; Kaskaoutis et al., 2021).  

• Factor present almost exclusively during the winter months (Figure S7), when local wood-

burning emissions for residential heating intensify. 160 

 

Gasoline Vehicles 

• Stronger contributions to HMW PAHs, such as IP, BghiP and Cor, in comparison with lower-

MW members, a feature frequently used to differentiate the gasoline source from general traffic 

sources (Sofowote et al., 2008).  165 

• Most of the PAH content in gasoline exhaust is formed by pyrosynthesis, as opposed to diesel 

exhaust where the unburnt fuel/lubricant content in PAHs is much more important. The 

difference mainly emerges due to the relatively lower content of HMW (IP, BghiP, Cor) in 

diesel lubricating oils (Valotto et al., 2017; Zielinska et al., 2004).  

• Similar pattern in the gasoline source profile reported in Thessaloniki, Greece (Manoli et al., 170 

2016) where, as in Athens, the vehicular fleet is dominated by gasoline-powered vehicles.  

• OC/EC ratio of 1.9 in the source profile, within the range (1.7-2.3) typically reported for fresh 

emissions from gasoline vehicles (Grivas et al., 2012).  

• Coronene, which is mostly classified in this factor, has been considered as a potential tracer of 

gasoline exhaust (Ravindra et al., 2008). However, it has been suggested (Shen et al., 2014) that 175 

it is a BaP/COR ratio lower than 0.5 (such as the one observed in our case) that could 

differentiate gasoline emissions from other combustion sources.  

• The highest correlations with BCff (r = 0.79), which on a long-term basis functions mostly as a 

proxy of traffic emissions impacting Thissio (Liakakou et al., 2020).  

• The only factor that recorded statistically significant correlations with CO (r = 0.80) during the 180 

non-winter months.  

• The absence of strong directional patterns in the polar plot in Figure S6 suggests that the factor 

is mostly representative of aerosols produced by passenger vehicles in the vicinity of the site 

(central Athens).  

• Higher source contributions observed during the winter months (Figure S7), indicative of 185 

increased traffic in the center of Athens (especially during the December holiday period), 

against notably reduced traffic affecting Thissio in July-August.  

 

 

Diesel/Oil Combustion 190 

• Characterized by increased abundance of lower MW members (Shirmohammadi et al., 2016; 

Zheng et al., 2017) compared to the  gasoline vehicles source. 
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• Recorded the highest contributions to Flt and Pyr among local sources and also substantial 

loadings in BaA, CHR, BbkF and BaP, along with smaller – compared to the gasoline vehicles 

source– loadings in IP, BghiP (Park et al., 2011; Wang et al., 2020). 195 

• The association of diesel emissions with Flt, Pyr, BaA, BbkF, BaP has been reported by factor 

analysis studies in other Greek cities (Manoli et al., 2002; Iakovides et al., 2019). 

• BaP/(BaP+Chr) DR lower than 0.5 (0.44) in the source profile supports the association of the 

source with diesel emissions (Cerqueira and Matos, 2019).  

• A higher Flt/(Flt+Pyr) DR for diesel/oil combustion compared to the gasoline source (0.45 vs. 200 

0.35 in the present case) has been considered (Mantis et al., 2005) to distinguish the two sources 

in the GAA.  

• OC/EC ratio was 1.6, higher than typically reported values for diesel exhaust, which could 

indicate moderate aging. Higher OC/EC ratios can be expected also in the cases of HDDV in 

creeping mode (Pio et al., 2010) and non-traffic oil combustion emissions (e.g. ships in the port).  205 

• Based on the polar plot, this primary factor presents an enhancement for moderate winds of the 

S-W sector (Figure S6), where primary pollution hot-spots are found (port of Piraeus, the 

industrial/commercial hub of Athens, the heavily trafficked E75 international route (Grivas et 

al., 2019). Therefore, the area to the S-W of the site is characterized by increased circulation of 

light- and heavy-duty diesel vehicles.  210 

• Participation of non-traffic sources in the factor can’t be excluded (use of diesel for residential 

heating or port emissions from oil combustion). Several studies reported similar PMF-extracted 

factors that combine emissions from diesel vehicles and combustion of heavier oil products 

(Khan et al., 2015; Han et al., 2018; Sulong et al., 2019). Nevertheless, vehicular emissions are 

expected to be the primary contributor here, given also a high BghiP/BaP ratio (2.13), a feature 215 

that has been used in Athens (Andreou and Rapsomanikis, 2009) to distinguish vehicular from 

heating diesel emissions. 

• Statistically significant (p < 0.01) correlations with external combustion indicators, albeit 

weaker compared to the gasoline source (r = 0.66 with CO, r = 0.39 with BCff). Strongly 

correlated with HOA/CO (r = 0.74). 220 

 

Non-local sources 

• High loadings in OC, EC, which at urban background locations are moderately impacted from 

local primary sources and mostly driven by aerosols transported to the receptor site at a regional 

scale (Buzcu-Guven et al., 2007; Hasheminassab et al., 2014).  225 

• The prevalence of regionally transported/secondary fine aerosols has been reported by the 

majority of aerosol source apportionment studies at urban and suburban background sites in the 

GAA (Paraskevopoulou et al., 2015; Diapouli et al., 2017; Grivas et al., 2018; Theodosi et al., 

2018).  

• High contribution to oxalate, an important secondary constituent of water-soluble organic 230 

carbon (Myriokefalitakis et al., 2011).  
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• Significant correlations with sulfate and ammonium (r: 0.57 and 0.51, respectively), indicators 

of regionally-transported secondary aerosol at Thissio (Theodosi et al., 2018).  

• Significant correlations with LV-OOA (r = 0.77 and 0.48, during the non-winter months, 

respectively) and with SV-OOA (r = 0.55 during winter). 235 

• The only factor that showed a statistically significant (p < 0.01) enhancement (Figure S7) during 

the non-winter months. 

• The polar plot (Figure S6) displays the typically observed34 large dispersion of concentration 

enhancements along the SW-NE axis of the Athens basin, indicating the association of the factor 

with transport on a larger-than-urban spatial level.  240 

• Considerable loadings of the lighter 4-ring members (Flt and Pyr). Similarly, a PM2.5 source 

apportionment study at a traffic in Athens (Pateraki et al., 2019), in central Athens classified 

FA and PY separately from heavier PAHs, in a PMF factor dominated by OC and EC.  

• Studies performed at regional background sites attributed increased contributions to Flt and Pyr 

to distant of coal and heavy combustion sources (Wang et al., 2014; Mao et al., 2018; Lhotka et 245 

al., 2019; Miura et al., 2019). 

• ΟC/EC ratio of 2.9 in the source profile, increased compared with the diesel/oil and gasoline 

sources.  
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 250 

Figure S6: Bivariate polar wind plots (wind speed – wind direction) for contributions of identified 

sources (a-d) to Σ-PAHs concentrations (ng m-3). Wind speed on the radial axis. 
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Figure S7: Standardized contributions (± standard error) of PMF-extracted factors, averaged for 255 
winter (Dec.-Feb.) and non-winter months of the study period.  

  



  

 
S25 

 

Source Contributions to Total Carbon (TC) 

Regarding contributions to total carbon, non-local sources were prevalent (65%) at the urban background 

sampling site (Figure 4a). Similarly, a two-year PMF study at the same site found sources other than 260 

traffic and biomass burning to contribute 44% of TC (Theodosi et al., 2018). Moreover, an organic 

aerosol source apportionment study at Thissio using ACSM measurements (Stavroulas et al., 2019b) 

reported semi-volatile and low-volatility oxygenated components to dominate total organic aerosol 

during both the cold (60%) and warm (82%) periods of the year at Thissio. Elsewhere, a study in the 

Cleveland, OH, area (Piletic et al., 2013), using a PMF model based on organic species including PAHs, 265 

found 50-54% of TC to be associated with secondary aerosol. There have been several studies – using 

receptor modelling, tracer-based or radiocarbon approaches – for source apportionment of carbonaceous 

aerosols, that report contributions from both local and non-local sources, considerably dependent on 

seasonal characteristics and site type (Lee et al., 2008; ,Zhang et al., 2015; Bernardoni et al., 2013). 

Regarding PMF source apportionment studies, in their majority they have recognized secondary 270 

processing and transport of anthropogenic particles on a regional scale to be a major contributor to fine 

aerosols at urban background locations (Karagulian et al., 2015). However, this pattern frequently 

doesn’t translate also to TC contributions calculated with the same approach, since in the absence of 

specific organic tracers, OC and EC are usually used as indicators of vehicular traffic (Amato et al., 2016; 

Saraga et al., 2021). Therefore, results sometimes are contrasting with alternative approaches such as 275 

chemical mass balance or tracer methods, that as an example apportion large secondary organic aerosol 

fractions at background locations (Srivastava et al., 2018).  

Local sources here, accounted for a combined 35% of the apportioned TC at the urban background 

Thissio site, that is generally comparable with results at same site obtained using different chemometric 

approaches (Stavroulas et al., 2019; Theodosi et al., 2018; Kaskaoutis et al., 2020). It is noted that the 280 

mean annual contribution of BB to OC (15%) is comparable to that of the winter BBOA+SV-OOA sum 

to mean OA, adjusted for the full period (20%). However, the contribution of BB to EC (10%) is less 

than what would be expected if the mean annual BCbb fraction at the Thissio site was considered (28%), 

which should be attributed to differences between EC and BC, differences between the two estimations 

based on chemical and optical properties and also to the fact that the aethalometer model doesn’t 285 

distinguish between local and non-local sources.  

 

 

 

 290 
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Figure S8:  Fractional contributions of PMF-resolved sources to mean modeled concentrations of: 295 

a) OC, b) EC 
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Section S6: Satellite fire maps 

    

 300 
 

Figure S9: Indicative satellite image (MODIS) on a day in July 2017, showing active fires (light 

yellow background indicating croplands, according to land cover satellite data) in the Black Sea 

region (a); average burned area by land cover type in Ukraine during 2002-2019, by month (b) and 

year (c). 305 
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Section S7: Contribution to carcinogenic potency 

 

Figure S10: Fraction of estimated BaPeq attributed to various PAH members 

 320 
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Table S8: BaPeq values reported at urban sites worldwide 

Sampling site BaPeq (ng m-3) Sampling period Location Reference 

Athens, Greece 0.85 12/2016-01/2018 Urban 

background 

This study 

Heraklion, Greece 0.06 04/2012 - 02/2014 Urban 

background 

Iakovides et al., 2019 

Limassol, Cyprus 0.06 01/2012 - 06/2013 Urban Iakovides et al., 2019 

     

Madrid, Spain 0.12-0.10 Winter & Summer 2009 Urban 

background 

Mirante et al., 2013 

Katowice, Poland 5.3 - 18.5 09/2009-12/2010 Urban 

background 

Kozielska et al., 2014 

Venice-Mestre, 

Italy 

1.9 2009 - 2010 Urban 

background 

Masiol et al., 2012 

Brno, Czech 

Republic 

0.45-8.7 Winter & Summer 2009 

Winter & Summer 2010 

Urban Křůmal et al., 2013 

Hamilton, Canada 0.77 Winter & Summer 2009 Intraurban Anastasopoulos et 

al., 2012 

Khar–Mumbai, 

India 

19 03-05/2007 

10-11/2007 

12/2007-01/2008 

 

Residential Abba et al., 2012 

Lhasa,  Tibet, 

China 

6.3 04/2013 - 03/2014 - Chen et al., 2018 

Lanzhou, China 22-30 Winter & summer 2013 Residential Wang et al., 2017 

Hailun, China 8.3 10/2012 -09/2013 Suburban Yu et al., 2020 

Xi’an, China 2.0 - 64 07/2008- 09/2009 Urban Bandowe et al., 2014 

New York, NY, 

USA 

0.45 10/2005-05/2009 Residential Jung et al., 2010 

10 EPA Regions 

USA 

2.5-3.0 1990-2014 Rural-Urban Liu et al., 2017 
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Table S9: Calculated values of BaPeq by season, and associated excess cancer risks, using the two 325 
estimation methods (Cal EPA OEHHA, WHO)  

 
ΣPAHs  

(ng m-3) 

BaP 

(ng m-3) 

BaPeq 

(ng m-3) 

ECR OEHHA    

(x10-6)  

ECR WHO              

(x10-6)  

% seasonal 

contribution 

to ECR   

Jan-Dec 2017 5.22 ± 10.33  0.26 ± 0.89  0.53 0.58 45.73  

Winter 13.5 ± 20.4 0.81 ± 1.78 1.56 0.44 34.59 76 

Spring 2.53 ± 4.13 0.02 ± 0.03 0.09 0.03 2.62 6 

Summer 0.89 ± 0.87 0.04 ± 0.15 0.07 0.03 1.99 4 

Fall 2.19 ± 3.17 0.10 ± 0.20 0.21 0.08 6.52 14 
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