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SI-1 Backtrajectory analysis and MODIS images 
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Figure SI-1.1:  Wildfires locations derived from backtrajectory analysis 

(HYSPLIT) and verification by MODIS images and FIRMS Web Fire Mapper: (a) Chios, 

(b) Dalmatian Coast, (c) Euboea, (d) Andros, and (e) Sicily. 

SI-1.2 ACSM tracers during the fire events 

The chemical nature of the aerosol was also investigated by examining the 

dependence of f44 versus f60, as well as organic fragments at m/z 43 and 44, shown 

for the whole measurement period (Figure SI-1.2). According to Cubison et al.1 f60 

has consistent background level values around 0.3% in OA with negligible BB 



influence, while BB plume measurements exhibit apparent scatter with higher of f60 

values, with plumes exhibiting a trend toward higher f44 and lower f60 values with 

age. In our case there is a deflection from the nominal background value of 0.3%, 

portrayed by the vertical doted line, which coincides with the dates of the identified 

wildfires. Furthermore, when plotting the organic fragments at m/z 43 vs m/z 44 we 

observe the presence of less aged organic aerosol with higher f43 values during the 

same periods for most of the cases. The area between dashed lines of 1:1 and 2:1 is 

an indication of the presence of fresh OA. 

 
 

Figure SI-1.2: m/z44 vs m/z43 and f44 vs f60 for the whole measurement period, 

indicating the presence of biomass burning-influenced air masses. 

Based on the approach of Sandradewi et al.2 and by using an absorption exponent of 

1.1 for pure traffic and the average value obtained in this study of 1.86 for pure 

wood burning conditions, we calculated the contribution of these components to total 

BC concentrations. The time series of each component is presented in Figure SI-1.3, 

where it can be seen that the identified biomass burning events are also depicted by 

the enhanced contribution of wood burning BC concentrations. 



 

Figure SI-1.3: Estimated source apportionment of BC concentrations based on light 

absorption measurements.  

SI-2 Comparison of ACSM versus filters 

In Figure SI-2.1 the comparison between the concentrations measured by the ACSM 

are compared to those calculated from the filter analysis by Ion Chromatrography 

and the OC/EC Carbon Analyzer. The concentrations of sulphate and ammonium 

from ACSM are daily averaged to match the daily PM1 filters time series. The ACSM 

concentrations are somewhat underestimated. For the conversion of OC to 

particulate organic matter (POM) a factor of 2.4 is used, which is derived from the 

ACSM measurements and the estimate of Aiken et al.3  
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Figure SI-2.1:  Inorganic species and organic matter comparison between 

ACSM, Ion Chromatography (IC) and OC/EC Carbon Analyzer (SUNSET Inc.): (a) 

sulfate, (b) ammonium, and (c) Particulate Organic Matter (POM).  

Differences in concentrations can be attributed to errors and fluctuations in the 

collection efficiency of the species. For this reason we also studied the inorganic 

acidity of the sampled aerosol, which can be found in Figure SI-2.2, compared to 

nitrate concentrations. The acidic behaviour of aerosol in the area during 

summertime had also been observed by Hildebrandt et al.4  
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Figure SI-2.2: Inorganic acidity time series compared to nitrate concentrations. 

SI-3 PMF Analysis 

The organic aerosol components from the 2-month data set were extracted by 

performing Positive Matrix Factorization (PMF) analysis. PMF is a multivariate factor 

analysis technique developed by Paatero and Tapper5 to solve the mass conservation 

problem of pollutant species with a bilinear model: 


p

pjipelijelijelij
measuredij FGXandEXX

modmodmod  

where the measured matrix X is approximated by the product of G and F and E is 

the residuals not fit by the model. Each column j of the matrix G represents the time 

series of a factor p, whereas each row i of F represents the profile (mass spectrum) 

of factor p. For aerosol mass spectrometry (AMS) data, Xij measured are the 

concentration of m/z j in time-step i, reconstructed by p factors having constant 

source profiles (Fpj) with varying contributions over the time period of the time 

period of the data set (Gip). The entries in G and F are fit by the model using a least 

squares algorithm that minimizes iteratively the quantity Q
m
, i.e. the residuals 

squared and weighted by the uncertainty6,7.  

The input organics and organics error matrices are derived automatically from the 

ACSM data analysis software, using a simple automated six-step process. First, 
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Organic mass spectrum matrix and its error are generated using the gain and dwell-

time of the recorded data and error matrix is visually examined for reasonable 

average error values. Then variables with a weak signal are downweighted 

automatically by increasing the errors of m/z ratios with a scaling factor depending 

on the signal-to-noise ratio of each variable. The downweighted and non-

downweighted errors with signal-to-noise ratio are, then, examined as a function of 

m/z. Finally, peaks related to m/z 44 in the fragment table are also automatically 

downweighted in order to avoid repetition of the information in m/z 44 several times, 

and at the final step the matrices are exported and saved in Igor text format so they 

can easily be loaded into an Igor experiment with the PMF procedures8.   

SI-4 PMF Results 

SI-4.1 Q/Qexp criterion 

The presented Q/Qexp plots correspond to “seed” and “fpeak” runs. As expected, 

diminishing values of this ratio for around 3-4 factors. From 1 to 2 factors there is a 

27.4% decrease in the ratio, but from 2 to 3 and from 3 to 4 factors the decrease is 

the same (12.7 and 12.9%, respectively). Finally from 4 to 5 factors the Q/Qexp 

almost reaches a plateau, with a mere 8% decrese. The results for the fpeak run 

were very similar (decrease of Q/Qexp of 27%, 12.7%, 10.9% and 9.6%, 

respectively). 



  

Figure SI-4.1: Q/Qexp  for different number of factors for seed run (left) and fpeak 

run (right).  

 

SI-4.2 Seeds and fpeak variation 

To investigate the stability of the solution and the possibility of local minima in the 

PMF solution space, the algorithm was initialized using 20 different starting points 

(“seeds”). Figure SI-4.2.1 shows the variation of the relative sources contributions 

and of the Q/Qexp as a function of seed. The most stable solution is the 3-factor 

solution, with only one seed run out of twenty being substantially different. For the 

20 different seed runs the Q/Qexp values showed very little variability; correlation 

with external mass spectra was identical for the grand majority of the seeds (19 out 

of 20), and so was the contribution of each factor to the total organic mass, with no 

unexplained mass observed. Finally, the variation of each factor compared to the 

total variability was identical in almost all seed runs and unexplained variation was 

less than 20% with unexplained variation values being higher (greater than 30%) for 

m/z >100.  



  

  

  

Figure SI-4.2.1: Relative factor contributions as function of different seeds for two- 

three-, and four-factor solutions.  

In the case of the fpeak runs the respective graphs are illustrated in Figure SI-4.2.2. 

Once more there is no unexplained mass. The main observed difference is the ratio 

between negative and positive fpeak runs.  
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Figure SI-4.2.2: Relative factor contributions as function of different fpeak for two- 

three-, and four-factor solutions. 

Based on the results of the fpeak runs, we compared the derived MS spectra for the 3-

factor solution with external spectra (based on theta angles9, Figure SI-4.2.3). The 

lowest difference in theta values for both BBOA as well as OOA between the derived 

fpeak spectra and the average BBOA and OOA found by Ng et al.10  were found for 

fpeak -0.4 run. This fpeak run is used in all other comparisons.  
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Figure SI-4.2.3: Criteria for the selection of the fpeak: we choose the fpeak for which 

the angle θ between the average BBOA and OOA found by Ng et al.10 and the BBOA 

and OOA factor profiles from the fpeak run are minimum.  

SI-4.3 Mass spectra and time series 

In Figure SI-4.3.1 the mass spectra and time series for the two-factor, three-factor 

and four-factor solutions are presented. The selection of the solution was mainly 

based on the structure of the deconvolved mass spectra and correlation between the 

factor time series and various external tracers. For the case of 2 factors, one of the 

factors rather combines a BBOA profile with a more oxidized factor with a high 

contribution of m/z 28 and 44. This is the reason why the mass spectrum correlates 

both with BBOAavg10 (theta angle 33.8) but better with average OOA10 (theta angle 

13.7). This combination is divided in two separate factors in the 3-factor solution: a 

more clear BBOA profile with a higher contribution of m/z 43 and an OOA profile 

which follows the BBOA time series and is probably a processed BBOA factor. 

Correlations with external spectra are also good (theta angle values around 15). 

Finally in the 4-factor solution the BBOA factor is split into 2 parts, factor 2 does 

contain m/z 18 or m/z 44 and their time series are also very similar. Correlation with 

external spectra is also poor: factor 2 has a theta angle of 26.5 compared to BBOA 

average spectra, factor 1 also correlates poorly with OOAavg10, SVOA11 and LVOA12 

(theta angles 23.9, 21.6 and 38.6, respectively). 



 
 

  

  

Figure SI-4.3.1: Mass spectra and time series for 2-factor, 3-factor and 4-factor 

PMF solutions for the seed run.  

The respective mass spectra extracted from the fpeak run are presented in Figure SI-

4.3.2. When comparing the different mass spectra derived by the 3-factor solution of 

the seed run and the fpeak run, the values are of 3.6 degrees for the BBOA, 4.5 for 

the OOA-BB and 0.3 for the OOA.  
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Figure SI-4.3.2: Mass spectra and time series for 2-factor, 3-factor and 4-factor 

PMF solutions for the fpeak run.  

SI-4.4 Comparison of derived factors with external tracers 

The timeseries of the derived factors were further compared to external tracers, such 

as BC, nitrate, sulfate and ammonium. The comparison for the two-, three- and four-

factor PMF solution is presented in Table SI-4.4.1. The mixed BBOA-OOA (Factor 1) 

in the 2-factor solution correlates well with black carbon while OOA (Factor 2) 
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correlates better with sulfate. BBOA (Factor 1) in the 3-factor solution correlates well 

with BC and nitrate, OOA-BB (Factor 2) relatively well with BC and well with nitrate, 

while OOA (Factor 3) correlates better with sulfate and ammonium. Finally the 

splitting behavior of the 4-factor solution is once more evident as factors 1 and 2 

exhibit the same behavior and so do factors 3 and 4.  

2 factors BC Nitrate Sulfate Ammonium 

Factor 1 0.6 0.74 0.02 0.08 

Factor 2 0.33 0.46 0.66 0.71 

3 factors BC Nitrate Sulfate Ammonium 

Factor 1 0.62 0.75 0.02 0.08 

Factor 2 0.41 0.63 0.29 0.38 

Factor 3 0.43 0.47 0.59 0.62 

4 factors BC Nitrate Sulfate Ammonium 

Factor 1 0.62 0.75 0.02 0.08 

Factor 2 0.47 0.63 0.14 0.21 

Factor 3 0.52 0.66 0.49 0.54 

Factor 4 0.39 0.53 0.48 0.53 

Table SI-4.3.1: Comparison of the solutions derived from different number of 

factors with external tracers. 

Once more, the fpeak run gives similar results with the seed run: in the 2-factor 

solution Factor 1 correlates well with BC and nitrate (R2=0.61 and 0.75, respectively) 



while Factor 2 correlates well with sulfate and ammonium (R2=0.66 and 0.71, 

identical with the seed run). In the 3-factor solution factor 1 correlates well with BC 

and nitrate (R2=0.6 and 0.73), factor 2 well with nitrate (0.58) and factor 3 with 

sulfate and ammonium (R2=0.52 and 0.56, respectively).  

SI-4.4 Comparison of derived spectra for each fire event 

We performed separate PMF analysis for each fire event, selecting the corresponding 

3-factor solution for each event and identifying the same profiles as for the whole 

measurement period (BBOA, OOA-BB and OOA). The time series of the three factors 

during the separate fire events along with the different BBOA spectrum of each 

event can be seen in Figure SI-4.4.1, color-coded by event. We present only the 

different BBOA spectra as the OOA-BB and OOA spectra did not exhibit remarkable 

differences (comparison can be found in table SI-4.4.3).     
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Figure SI-4.4.1: The different biomass-burning spectra and diurnal variability of 

factors derived for each fire event: (a) Chios, (b) Croatia, (c) Euboea, (d) Andros, 

and (e) Sicily.   

The mass spectra from the separate PMF run for each fire event were also compared 

to external mass spectra, namely average BBOA spectra. We used the theta angle8 

to compare the mass spectra between the BBOA, processed-BBOA (OOA-BB) and 
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OOA of our study with different BBOA, OOA, SVOA and LVOA spectra found in AMS 

Spectral Databases. The results of the comparison are shown in the figure below, 

color-coded by the same colors used in the reported mass spectra for consistency.  
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Figure SI-4.4.2: Comparison of the different BBOA mass spectra for each fire event 

with different BBOA mass spectra  

(Mass spectra source: http://cires.colorado.edu/jimenez-group/AMSsd/) 

Te best correlation with the reference BBOA spectra is found for the fire events of 

Chios and Croatia, which exhibit also the highest relative intensity of f43. Euboea and 

Andros show comparable theta angles relatively to the reference spectra. Finally, the 

poorest correlation is observed for Sicily, which is expected as both characteristic 

markers f60 and f73 have the smallest relative intensity of all fire events while f44 has 

the highest. Therefore aging of the BBOA will lead to OA that resembles more to 

OOA rather than to BBOA.  

We also compared the different spectra of each 3-factor solution with the 

corresponding spectra of the rest of the fire events. The comparison of the 

processed-BBOA (OOA-BB) and the OOA can be found in the following Table SI-

4.4.3, where individual spectra are also compared to the cumulative ones derived for 

the whole measurement period. We also compared the processed-BBOA with the 

OOA of each fire event to make sure they differ sufficiently. The theta values ranged 

from 14.9 degrees for the Croatia fire, to 16.5 degrees for Chios, 19.5 degrees for 

Andros, 22.9 degrees for Euboea and 18.7 degrees for Sicily. The values for the 

Croatia and the Sicily fires are expected to resemble, due to the longer transport 

time.  

OOA-BB Chios Croatia Euboea Andros Sicily 

Chios  5.8 11.8 10.5 14.5 

Croatia   13.5 13 16.3 

Euboea    12.4 12.5 



Andros     10.5 

OOA-BB of 

whole period 

15.5 18.7 19.1 7.5 16 

OOA Chios Croatia Euboea Andros Sicily 

Chios  5.8 11.8 10.5 14.5 

Croatia   13.5 13 16.3 

Euboea    12.4 12.5 

Andros     10.5 

OOA of whole 

period 

5.4 6.8 10.8 8.9 8.9 

Transport 

time 

7h 16h 9h 8h 33h 

Table SI-4.4.3: Comparison of the different OOA mass spectra for each fire event 

with the rest of the fire events, as well as with the cumulative spectra for the whole 

measurement period.   

SI-4.6 PMF solution residuals 

The comparison between the model residuals for the two- to four-factors is 

presented in Figure SI-4.6. The results are given in a graph where the matrix of the 

residuals is scaled by the uncertainty (as a function of variable and time). White 

spaces denote data points where |eij|<σij, while the red and blue points denote 

residuals that exceed the limit in positive and negative directions, respectively. 

Ideally the distribution of colors should be random and pattern-free, indicating that 

unexplained data is distributed randomly throughout the dataset.  



It can be seen that when moving from the two- (a) to the three-factor solution (b), 

residuals are scaled better with uncertainty and less red and blue points are 

observed both in terms of the time series, as well as in terms of variables. The 

residuals in the four-factor solution are also better scaled with uncertainty, especially 

in the higher variables. Nevertheless, as two of the four factors were from the 

splitting of the BBOA factor of the 3-factor solution, we decided to choose the three-

factor solution.  

  

 

Figure SI-4.6: Comparison between residuals for the two-, three- and four-factor 

solution.   
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