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Abstract: The elemental carbon (EC)-tracer method was applied to PM10 and PM1 data of 

three sampling sites in the City of Berlin from February to October 2010. The sites were 

characterized by differing exposure to traffic and vegetation. The aim was to determine the 

secondary organic carbon (SOC) concentration and to describe the parameters influencing 

the application of the EC-tracer method. The evaluation was based on comparisons with 

results obtained from positive matrix factorization (PMF) applied to the same samples. To 

obtain site- and seasonal representative primary OC/EC-ratios ([OC/EC]p), the EC-tracer 

method was performed separately for each station, and additionally discrete for samples 

with high and low contribution of biomass burning. Estimated SOC-concentrations for all 

stations were between 11% and 33% of total OC. SOC-concentrations obtained with PMF 

exceeded EC-tracer results more than 100% at the park in the period with low biomass 

OPEN ACCESS



Atmosphere 2014, 5 253 

 

 

burning emissions in PM10. The deviations were besides others attributed to the high ratio 

of biogenic to combustion emissions and to direct exposure to vegetation. The occurrences 

of biomass burning emissions in contrast lead to increased SOC-concentrations compared 

to PMF in PM10. The obtained results distinguish that the EC-tracer-method provides well 

comparable results with PMF if sites are strongly influenced by one characteristic primary 

combustion source, but was found to be adversely influenced by direct and relatively high 

biogenic emissions. 

Keywords: urban aerosol; secondary aerosol; EC-tracer; PMF; vegetation; biomass burning 

 

1. Introduction 

Fine particulate matter (PM) in the atmosphere is of great importance due to climatic effects [1,2] 

and health aspects [3,4]. A major interest is on the carbonaceous fraction, which makes up a major 

fraction in PM. Studies reported between 8% and 53% of total carbon (TC) in PM2.5 samples in  

Italy [5], 26% to 39% in PM2.5 and 20% to 27% in PM10 in California [6] or between 21% and 28% in 

PM2.5 samples in different cities in Korea and China [7–9]. Whereas elemental carbon (EC) is emitted 

by combustion processes, organic carbon (OC) can also be of biogenic origin. Furthermore, it can not 

only be emitted as primary particles, but also formed through oxidation processes of precursor gases in 

the atmosphere [10]. Major attention has lately been paid on the secondary organic aerosol (SOA), 

since it consists of numerous, in part still unknown compounds and makes up a substantial fraction of 

PM, especially that from biogenic precursors [11]. Prior investigations addressed several techniques  

to calculate the contribution of SOA. The positive matrix factorization (PMF) for example, is a 

multivariate receptor model technique to determine potential sources [12]. It has been applied in a 

number of studies based on the analysis of elemental constituents, OC and EC. Recently several 

studies estimating secondary organic carbon (SOC) by using PMF with organic compounds have been 

conducted [13–15]. Another technique is the EC-tracer method, which is based on the assumption of 

similar sources for anthropogenic primary organic carbon (POC) and EC [16,17]. Using the primary 

ratio of OC/EC, the SOC-fraction can be calculated. For a good approximation, information about 

emission inventories of the main sources at the location of interest is necessary. 

The EC-tracer method has been applied in many studies because it provides a rather simple 

approach for estimating the SOC-contribution and does not necessarily need any information  

about aerosol components other than OC and EC. However, Yuan et al. [18] already mentioned the 

uncertainties that may occur due to the difficulty to find a primary ratio that is characteristic for the site 

of interest. They applied this method to ten different sampling sites in Hong Kong by merging the data 

of all sampling sites in one data pool. In this way a primary OC/EC-ratio representing the ratio of the 

whole investigated area was produced. SOC-concentrations were predominantly overestimated, most 

probably caused by the different characteristics of emission inventories. Lonati et al. [5] found very 

high primary ratios in the cold season in PM2.5 samples in Milan, even preventing them from 

performing the calculations for this period, as they could not assume this ratio to be representative for 

primary emissions. They primarily argued that the total exclusion of SOA events could not be 
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guaranteed. In many studies the EC-tracer method was applied to one single sampling site where 

similar conditions or emission inventories could be assumed over time [16,17,19]. Few studies exist 

applying the method on several sampling sites, merged in one data pool [18], and only few studies 

applied the method separately to different sampling sites [20,21]. 

The study presented here aims to determine the contribution of SOC to total OC using the  

EC-tracer method. With regard to the uncertainties arising from calculating a representative primary 

OC/EC-ratio, it is performed in consideration of spatial and temporal variations. Therefore, the 

sampling period is divided into days with high and low contribution of biomass burning emissions  

and is investigated separated by stations. This approach was chosen to assess both, the effect of 

biomass burning emissions on the calculation of [OC/EC]p and the potential effect of different station 

characteristics, especially the impact of vegetation at a given site. OC and EC- PM10 and PM1 data 

were obtained from three measurement sites characterized by different vegetation influences in the city 

of Berlin from February to October 2010. The results of the EC-tracer method are assessed by 

comparing them to those determined by PMF-analysis in a previous study, which was based on the 

detection of single, mainly biogenic compounds determined for the same samples [14,22]. 

This approach provides an extensive analysis of SOC-concentrations obtained with the EC-tracer 

method by (a) considering seasonal variations with regard to biomass burning emissions and 

vegetation; (b) by comparing site-specific primary ratios and (c) by comparing the applications of  

two established SOC-calculation techniques, which is a useful instrument to verify the results and  

the study is unique in this detailedness. These comparisons and the additional information of real 

SOA-events provide the potential to give suggestions for the application. 

2. Experimental Section 

2.1. Sampling 

PM10 and PM1 samples were collected at three sites in Berlin with different vegetation influences, 

namely an urban park in the center of the city, referred to as site with high vegetation stock (HV),  

a traffic station with low vegetation stock (LV) in the west of the city surrounded by dwellings, and an 

urban background station in the southeast of Berlin with intermediate vegetation density which is 

typical for the region (regV, only PM10). Sampling took place each 6th day for 24 h from February 

2010 to October 2010. Aerosols were collected on quartz-fiber filters (Pallflex, Tissuquartz 2500QAT-UP, 

47 mm) using low-volume samplers (LVS3.1, Derenda) at a flow rate of 2.3 m3·h−1. For more detailed 

information about the sampling sites and sample collection see Wagener et al. [22].  

NOx-concentrations for similar urban measurement stations close to the HV and regV sites were 

provided by the “BLUME” meteorological network of Berlin, which is operated by the Senate 

Department for Urban Development and the Environment. Concentrations for a station representative 

for site LV could not be provided. 

2.2. Analysis 

1.5 cm2 of each filter was used for the determination of OC and EC. The NIOSH Method 5040 on a 

thermal/optical carbon aerosol analyzer instrument from Sunset Laboratory Incorporated [23] was used 
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due to its good adaptation to urban samples [24]. LODs were calculated from the mean + 3 S.D. 

ranging from 0.36 µg·m−3 to 0.76 µg·m−3 for OC and from 0.01 µg·m−3 to 0.04 µg·m−3 for EC at the 

different sites. Results were corrected for blank values. One half of the same filters was used for single 

compound analysis using GC-MS after a derivatization procedure. Compounds included, amongst 

others, were the α-pinene markers pinic and pinonic acid and the isoprene markers 2-methyltreitol and  

2-methylerythritol as biogenic secondary compounds and levoglucosan as marker for biomass burning. 

The methodology of single compound analysis has been reported in detail in Wagener et al. [22]. 

2.3. PMF-Analysis 

In a previous study, source apportionment of OC was conducted with PMF-analysis including the 

concentrations of single compounds, OC and EC. It was found that for both PM-fractions the data 

matrix was presented best by a set of 6 factors, namely isoprene-derived SOA and α-pinene-derived 

SOA as biogenic secondary factors, bio primary and bio/urban primary as biogenic primary factors, 

and biomass burning and combustion fossil as primary anthropogenic factors. However, as no specific 

tracers for secondary anthropogenic sources were available for PMF analysis, it must be considered 

that the anthropogenic factors may also include secondary aerosol. Furthermore, some of the OC in 

PMF analysis was unapportioned, which can also be assumed to be in part secondary. Further details 

on the composition and the concentration of the factors are given in Wagener et al. [14]. 

2.4. EC-Tracer-Method 

2.4.1. Application with Regard to Temporal and Spatial Variation 

The EC-tracer method was pioneered by Turpin and Huntzicker [17]. It is based on the assumption 

that primary OC from combustion processes and EC have similar sources resulting in a defined 

primary OC/EC-ratio for the area of interest. Increased ratios are consequently a hint for secondary 

formation processes. The EC-tracer method is expressed by  

 (1)

where [OC]p represents primary OC and [OC/EC]p is the defined ratio of anthropogenic primary 

OC/EC. Primary sources other than combustion processes, like biogenic aerosol, are considered within 

this approach and are expressed by the intercept b. The secondary contribution to OC can then be 

calculated following the equation = −  (2)

For a good approximation of [OC/EC]p, this technique should be applied to samples collected 

during similar conditions [16,25]. Problems can arise from temporal or spatial variations which are 

addressed in detail in the study presented here. 

Temporal variations: Concerning temporal variations, above all the contribution of biomass 

burning has to be considered, as emissions are generally higher in the colder season [26,27]. 

Significant negative correlations between temperature and biomass burning were already identified for 

the sampling sites of this study [14]. The expected [OC/EC]p-ratio of biomass burning emissions can 
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differ from those determined for traffic emissions, and was also supposed by Park et al. [28] and 

Lonati et al. [5] for places at an urban site in Korea or in Milan, Italy respectively. Thus the temporal 

variation is a deviation between high and low biomass burning emissions, more or less representing 

colder and warmer months, with the exception of few sampling days, where biomass burning showed 

quite high concentrations also in summer. This deviation additionally represents periods with low and 

high vegetation stocks. 

Spatial variations: Recent studies predominantly considered only one measurement site for the 

application of the EC-tracer-method. Besides, the EC-tracer method was primarily conducted for  

sites where the influence of primary biogenic emissions could rather be neglected compared to  

primary anthropogenic sources [19,29,30]. One study investigating several stations was reported by 

Yuan et al. [18] highlighting the difficulty to obtain a ratio that is representative for a mixture of 

primary sources which vary not only in time but also in space. Another study considering several 

places—urban background, curbside and tunnel—in Portugal, Spain and UK was reported by  

Pio et al. [21], who found that primary ratios decreased with increasing traffic emissions. In order to 

obtain an [OC/EC]p that is specific for each area of interest, in this study, calculations are also 

performed separated by stations. To proof if vegetation has an impact on the application, a park  

(site HV) with many deciduous trees is chosen, where PMF analysis showed a primary biogenic 

contribution to OC of 22% compared to 14% at the traffic-related site (site LV), but with comparable 

absolute concentrations. 

2.4.2. Calculation of [OC/EC]p and SOC 

Several approaches have been developed to identify the most probable [OC/EC]p necessary for  

the calculation of SOC. Castro et al. [31] for example used the minimum ratios for the calculation  

of [OC/EC]p. Cabada et al. [16] calculated [OC/EC]p using ratios from events with low ozone 

concentrations or solar radiation as a hint for low or no SOA-formation. In this study, data on biogenic 

SOA-compounds, which were analyzed in a previous study [22], could be used to differentiate 

between events with high or low SOA-contribution, since they can be assumed to be the dominant 

secondary source, at least in the warmer months. Furthermore, emanating from similar meteorological 

conditions for the formation of anthropogenic and biogenic SOA, days with high biogenic SOA were 

considered as being representative for days for total SOA-formation, being aware of the fact that a 

complete consideration of anthropogenic SOA-contribution cannot be guaranteed. Thus, days with 

high concentrations of SOA-indicator compounds (limit values for the division into high and low are 

given in Table A1) were deleted from the data pool to determine an [OC/EC]p-ratio, and outliers were 

additionally removed. Figure 1 gives the sum of the SOA-compound concentrations for PM10 from  

the previous study and shows, that days with no occurrence of even only biogenic SOA were rare, 

preventing a complete exclusion of SOA. The information on real measured SOA levels shows that the 

selection of data sets assumed to be unaffected by SOA-formation is a critical step in the calculation of 

[OC/EC]p and approves the concerns made by Lonati et al. [5]. In comparison with taking the 

approach which uses the lowest OC/EC-ratio, the approach used here, might lead to an increased 

[OC/EC]p-ratio, but also to a decreased intercept. 
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Figure 1. PM10-SOA-concentrations from compound analysis. Secondary organic aerosol 

(SOA) is given by the sum of the compounds pinic acid, pinonic acid, 2-Methylthreitol and 

2-Methylerythritol [22]. 

 

3. Results and Discussion 

3.1. OC and EC 

3.1.1. Concentrations 

Mean OC concentrations vary between 4.1 µg·m−3 at site HV and 4.9 µg·m−3 at site LV in PM10  

and between 2.6 µg·m−3 and 2.7 µg·m−3 in PM1 (Table 1). EC concentrations are lower than 1 µg·m−3 

at the HV and regV-sites and reach 3 µg·m−3 at site LV. Concentrations are low compared to other 

metropolis like Los Angeles, US, Sao Paulo, Brazil, or Beijing, China, which show OC concentrations 

between 7.74 µg·m−3 and 21.5 µg·m−3 and EC concentrations between 3.81 µg·m−3 and 8.7 µg·m−3 in 

PM2.5 [6,32,33]. The lower OC and EC levels in Berlin are most probably due to the lower population 

density and lower traffic or advanced filter technology for cars. Concentrations are also little lower 

than those reported for PM2.5 sampled at a background station in Milan [5]. The OC/EC-ratios 

(Table 1) observed at the HV and regV sites are in a similar range as ratios reported for PM2.5 samples 

from urban sites in California [34] or Pittsburgh [16]. They are also comparable with PM2.5 samples in 

several rural/remote places in Europe for winter, but lower than the ratios found in summer [35]. 

Between stations, correlations of OC are significantly high (>0.95 in PM10 and 0.91 in PM1, data not 

shown), indicating a uniform spatial distribution. EC shows significant but low correlations between 

the LV- and regV sites (0.33), significant correlations between the HV and the regV-sites (0.82), but 

no correlations between the HV and the LV-sites in both fractions. Thus, EC has a clear local 

contribution at site LV, and the HV and the regV-sites seem to reflect the regional distributed EC in 

the urban and surrounding area. 
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3.1.2. Influence of Biomass Burning, SOA and Traffic on OC/EC-Ratios 

Table 2 gives the correlations between OC, EC, OC/EC, levoglucosan, NOx and SOA-compounds. 

At site LV, where traffic emissions can be supposed to determine the OC/EC-ratio, significant correlations 

can be observed between the OC/EC-ratio and levoglucosan. In contrast, at the HV and regV-sites, 

levoglucosan shows insignificant negative correlations with the OC/EC-ratio, but positive correlations 

with OC and especially EC. Correlations of OC, EC or the OC/EC-ratio with NOX are less significant 

than with levoglucosan. Correlations with SOA can also rather be neglected at all sites, confirming that 

an increase of the OC/EC-ratio is not necessarily only a result of increased SOA-concentration, but 

also derives from biomass burning emissions. 

Table 1. Mean concentrations of organic carbon (OC) and elemental carbon (EC) of the 

whole sampling period in µg·m−3 (±standard deviation) and OC/EC-ratios. 

 PM10 PM1 
 OC EC OC/EC OC EC OC/EC 

HV 4.1 ± 2.4 0.6 ± 0.4 5.7 ± 2.1 2.7 ± 1.5 0.6 ± 0.3 4.3 ± 1.7 
LV 4.9 ± 2.5 3.0 ± 1.5 1.8 ±1.0 2.6 ± 1.3 2.3 ± 1.1 1.1 ± 0.7 

regV 4.3 ± 2.3 0.6 ± 0.3 6.5 ± 2.5    

Table 2. Correlations after Pearson between OC, EC, OC/EC, levoglucosan, NOx and 

SOA-concentrations. 

 HV  LV  regV  

PM10 EC OC/EC Levo. SOA NOx EC OC/EC Levo. SOA NOx EC OC/EC Levo. SOA NOx 

OC 0.83 0.43 0.49 0.18 0.17 0.62 0.38 0.26 0.34  0.73 0.51 0.41 0.17 0.06 

EC  −0.18 0.68 0.03 0.35  −0.41 −0.19 0.23   −0.4 0.69 0.02 0.38 

OC/EC   −0.21 0.38 −0.18   0.58 0.26    −0.21 0.30 −0.39

PM1                

OC 0.80 0,36 0.54 0.30 0.17 0.56 0.38 0.48 0.31       

EC  −0.35 0.7 0,08 0.34  −0.57 0.05 0.22       

OC/EC   −0.25 0.48 −0.35   0.57 0.14       

Note: Numbers in bold represent significant correlations. 

As biomass burning has the strongest influence on OC, EC or the OC/EC ratio, it is reasonably to 

divide the whole sampling period in two periods with low and strong influence of biomass burning 

emissions (further on termed as BB-period and nonBB-period; limit values for distinguishing are  

40 and 25 ng·m−3 levoglucosan for PM10 and PM1 respectively). Concentration tendencies between 

both periods for OC, EC, OC/EC, levoglucosan and NOx are presented in Figure 2. The OC/EC-ratio 

and levoglucosan have a similar seasonal distribution at the LV site, consistent with the positive 

correlations. Mean OC concentrations are little higher in the BB-period as compared to the non-BB 

period, EC decreases. This is surprising as EC concentrations from fossil combustion are expected to 

be higher in cooler months mainly due to invasion conditions during these months, and additionally,  

a contribution of EC from biomass burning must be included in the concentrations of this period. 

Furthermore, a higher increase of OC as actually seen would also have been expected for the  
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BB-period. At this point, we can only assume increased vacation activities, tourism and construction 

works during summer for this observation causing more traffic and traffic jam. Irrespective the 

underlying reason, it is assumed here that the OC/EC ratio during this time would not differ 

substantially with or without this source contribution, as the source would positively affect both, OC 

and EC concentrations. Thus it is still assumed that the increased OC/EC ratio in the BB-period is 

rather a result of increased biomass burning emissions in winter instead of increased traffic emissions 

in summer and seems reasonably as it is consistent with the findings of Lonati et al. [5] in Milan, Italy 

and Fine et al. [36]. Latter found that biomass burning can reach an OC/EC-ratio up to 40 times that of 

traffic, dependent on the wood type. A different trend is observed at the HV and regV sites. In the  

BB-period, EC increases more strongly than OC, leading to a decreased OC/EC-ratio. This can result 

from both, higher traffic and biomass burning emissions during this period which have both a lower 

OC/EC-ratio than the dominant summer emissions, which are biogenic and absent in EC. This is in 

contrast to the LV site, where traffic emissions are the dominant source also in summer compared to 

biogenic emissions at the other two sites, thus at the traffic site, the traffic OC/EC-ratio must be used 

for comparison with the OC/EC-ratio arriving from biomass burning. 

Figure 2. Concentration tendencies for OC, EC, OC/EC-ratio, levoglucosan and NOX 

between the BB- and non-BB-period. 

 
Note: Concentrations are given as relation (%) to the maximum value (on top) of each variable. 
OC, EC and NOx are given in µg·m−3, levoglucosan in ng·m−3. The box plots represent the mean (dot 
within the box), median, 25- and 75-percentile (box) and the 1.5*IQR (interquartile range, whiskers). 
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3.2. Results by EC-Tracer-Method 

3.2.1. [OC/EC]p-Ratio 

As the OC/EC ratio varies significantly between days with high and low biomass burning events  

at the LV site, it was reasonable to apply the EC-tracer-method separated for these two periods.  

The separation into both periods, which is almost identical with colder and warmer season, was  

also conducted for the HV and regV sites, so data evaluations for all sites were comparable. The 

determined [OC/EC]p-ratios for all sites and PM-fractions are given in Table 3 and in the Figures A1–A5 

in the supplementary information. In this data evaluation, fits between OC and EC were between  

R2 = 0.49 and 0.93, except of site LV in PM10 for the BB-period. The fits in the BB-period show lower 

correlations than those of the nonBB-period, indicating that significant emissions of two different 

combustion inventories (traffic and biomass burning) adversely affect the application. Prior studies 

reported R2-values between 0.53 and 0.99 [16,18,30]. 

Table 3. Estimated parameters of the linear fit and mean (median) SOC- and  

POC-concentrations in µg·m−3 calculated with EC-Tracer method and PMF analysis. 

BB-Period R2 [OC/EC]p Intercept Conc. SOC % conc. PMF SOC PMF POCbio 
PM10 HV 0.80 2.6 ± 0.5 0.8 ± 0.2 1.33 (0.69) 21 (21) 0.83 (0.41) 0.8 (0.6) 
PM1 HV 0.49 2.1 ± 0.8 1.0 ± 0.5 0.72 (0.29) 11 (9) 0.86 (0.83) 0.2 (0.1) 
PM10 LV 0.30 1.0 ± 0.4 1.5 ± 1.1 1.12 (0.46) 16 (14) 0.60 (0.20) 0.6 (0.5) 
PM1 LV 0.93 1.1 ± 0.1 0.03 ± 0.1 0.49 (0.22) 11 (9) 0.56 (0.34) 0.2 (0.1) 

 regV 0.53 4.1 ± 1.3 0.3 ± 0.8 0.82 (0.53) 12 (12) 0.76 (0.42) 0.8 (0.5) 
NonBB-Period        
PM10 HV 0.92 5.6 ± 0.6 −0.3 ± 0.3 0.45 (0.49) 15 (16) 1.00 (1.30) 0.9 (0.6) 
PM1 HV 0.94 2.0 ± 0.2 0.3 ± 0.1 0.65 (0.56) 33 (43) 1.01 (0.93) 0.2 (0.2) 
PM10 LV 0.58 0.7 ± 0.2 0.8 ± 0.5 0.98 (1.06) 18 (23) 0.8 0 (0.50) 0.8 (0.7) 
PM1 LV 0.58 0.3 ± 0.1 0.6 ± 0.1 0.44 (0.45) 17 (22) 0.71 (0.39) 0.3 (0.2) 

 regV 0.63 3.6 ± 1.0 0.4 ± 0.2 1.21 (0.88) 26 (33) 1.59 (0.91) 0.9 (0.7) 
Note: POCbio is obtained from the sum of the 2 biogenic POA-factors bio primary and bio/urban primary in 

PM10 and from the bio urban primary factor in PM1 determined in source apportionment with PMF [14]. 

Primary OC/EC ratios have been reported for several places in California or Atlanta, US, in the 

range of 1.8–2.4 for PM2.5 samples [19,29] which represent urban [OC/EC]p-ratios with no direct 

exposure to traffic. Lower ratios were found by Yuan et al. [18] (between 0.41 and 0.88) in PM10 

summer and winter samples in Hong Kong. Castro et al. [31] found ratios of 1.1 OC/BC for urban 

PM10 samples in Portugal and the UK and of 1.5 for rural and remote sites in Portugal and Ireland 

under the assumption of negligible or constant noncombustion primary OC. Plaza et al. [37] and  

Pio et al. [21] also found ratios < 1.02 for summer and winter PM2.5 samples in a suburban area of 

Madrid or PM10 and PM2.5 urban background samples in cities in Portugal, respectively. In this 

evaluation here (Table 3), the ratios at site HV in PM1 meet the values found in the US. The ratios at 

the HV and regV sites with 2.6 to 5.6 in PM10 are higher. Ratios from site LV are the lowest (0.3–1.1) 

for both PM-fractions and seasons and are better comparable with those found in Madrid or urban 

background samples in Portugal [21,37]. However, [OC/EC]p-ratios described for vehicle combustion 
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emissions in Lisbon, Portugal were lower than observed in most cases for the traffic site in this  

study [21]. Ratios between the BB and the nonBB-periods are partly comparable. Keywood et al. [38], 

who also investigated samples with differing influence of biomass burning separately, calculated a 

ratio of 2.09 for days with domestic heating instead of 2.25 for the non-affected days. Lonati et al. [5] 

found a considerable higher primary ratio in the cold season in PM2.5 samples in Milan (9.5) 

preventing them from performing the calculations for this period. 

Even though the secondary contribution were tried to be reduced in the data, SOA-events still 

occurred at all sites and had consequently to be included in the calculation for [OC/EC]p. The lowest 

SOA-concentrations occurred at site LV (Table A1), what might contribute to a lower [OC/EC]p at the 

traffic related site. However, lower traffic [OC/EC]p are also in accordance with the findings of  

Pio et al. [21] for several kerbsides in Portugal and Spain compared to urban background measurement 

sites. One reason can be major incidence of diesel vehicle use. Many diesel vehicles pass the urban 

motorway, but do not or less use the inner-city roads due to the implement of the low-emission-zone, 

and diesel vehicles were found to have lower [OC/EC]p-ratios compared to gasoline-powered  

vehicles [21,39,40]. Keywood et al. [38], who also described similar tendencies, furthermore 

considered additional contributions from natural gas and paved road dust at the urban site for which a 

higher [OC/EC]p-ratio was determined compared to a tunnel measurement site, and some remaining 

contribution of SOA from the previous sampling day. Further explanation is also that the traffic 

emissions detected at the HV- and regV sites are of aged aerosol that is increased in SOA and water 

soluble organic compounds, compared to the fresh aerosol detected at site LV [29,41] which is difficult 

to exclude from the data set since it constitutes a rather permanent contribution. 

3.2.2. SOC-Concentrations 

The EC-tracer method revealed estimated SOC-concentrations between 0.44 µg·m−3 and 1.33 µg·m−3. 

Mean concentrations are predominantly higher in the BB-period reaching between 0.49 and 1.33 µg·m−3 

compared to 0.44 to 1.21 µg·m−3 in the nonBB-period, which is between 11% and 21% and 15% up to 

33% of OC, respectively. Emanating from higher biogenic SOC contributions in the warmer period, it 

must be supposed that SOC formed during biomass burning contributes quite strongly to SOA-formation 

in the BB-period, at least on single days affecting the mean value, as median values are rather higher in 

the nonBB-period. Lonati et al. [5] found higher SOC concentrations up to 6.1 µg·m−3 in summer 

PM2.5 samples in Milan, which made up 84% of total OC. Cabada et al. [16] found SOC contributions to 

total OC of about 19% in summer PM2.5 samples in Pittsburgh. 

3.3. Comparison of SOC-Concentrations and Noncombustion OC between EC-Tracer and PMF 

The application of the EC-tracer-method to the different sampling sites and periods is assessed  

on the basis of PMF-results (Table 3, Figure 3), which are subdivided into samples of high and low 

biomass burning emissions, according to EC-tracer-results. It has to be reminded that some of the OC 

in PMF analysis was unapportioned (approximately 0.5 µg·m−3 at sites HV and regV, and −0.2 µg·m−3 

in the colder months at site LV), which must be considered to be in part secondary [14]. The results 

will be discussed station wise. 
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Figure 3. Deviation between EC-tracer and PMF results. 

 

Traffic station (site LV): At site LV in PM10, [OC/EC]p is higher in the BB-period than in the 

nonBB-period. SOC-concentrations of 1.12 µg·m−3 almost double estimated PMF-concentrations of  

0.6 µg·m−3 in the BB-period. Even though events with no SOA concentration hardly exist (Figure 1), 

[OC/EC]p in the BB-period is so strongly influenced by combustion related OC/EC-ratios, that  

SOC-concentrations are still higher than derived with PMF, even though a contribution of anthropogenic 

SOC additional to PMF-concentrations has to be considered. For the nonBB-period, SOC concentrations 

are very well comparable between both methods. Figure 4 presents the correlations between the  

SOC-time series derived from both methods, confirming good comparability for the results, especially 

for those obtained in the nonBB-period. The intercept of BB-samples in PM10, representing the 

primary noncombustion OC given in µg·m−3, appears quite high compared to POCbio, which is the 

representative fraction obtained with PMF (Table 3), and also compared to the nonBB-period. It can be 

supposed that it contains some of the biomass burning OC. For the nonBB-period, the intercept meets 

perfectly the concentrations calculated with PMF. In PM1, [OC/EC]p is also higher in the BB-period. 

In contrast to PM10, SOC-concentrations of 0.44 and 0.49 µgC·m−3 are lower compared to PMF results. 

For the nonBB-period this can probably be explained by an overestimated intercept, most probably 

reflecting an integration of SOC, as in PM1, a contribution of noncombustion primary OC is expected 

to be low. This assumption is verified when taking the POCbio derived from PMF as reference. 

Park (site HV): At site HV in PM10, [OC/EC]p is clearly lower in the BB-period compared  

with the nonBB-period. The BB-period shows higher SOC-concentrations estimated with EC-tracer 

compared to PMF (Figure 3), like observed for the LV site. However, considering an additional 

contribution of unapportioned OC for PMF concentrations, results are well comparable. The intercept 

corresponds very well with the POCbio calculated with PMF. In the nonBB-period, concentrations are 

lower with the EC-tracer method, which is due to a very high [OC/EC]p. These deviations become 

higher considering a potential contribution of unapportioned PMF-OC. The high [OC/EC]p ratio  

and the negative intercept indicate that primary OC from biogenic emissions may be included in 
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[OC/EC]p, explaining the very high primary ratio compared to the literature, additionally to the already 

assumed anthropogenic SOA-uptake and remaining biogenic SOA. A contribution of noncombustion 

POC and anthropogenic SOC to [OC/EC]p would lead to higher primary OC and to lower SOC. 

Concerning the concentration deviations, site HV is better comparable with PMF results in the  

BB-period. Site HV is situated near a road which carries about 35,000 vehicles per working day 

(Senate Department for Urban Development and the Environment [42]). It is separated by a narrow 

tree population of deciduous trees, so in the BB-period, where trees have less leaves, the site is 

stronger exposed to traffic. Thus, the influence of primary biomass burning emissions and also of 

higher/direct traffic emissions lead to lower OC/EC ratios (Figure 2) and consequently to a lower 

[OC/EC]p. The lower fit between PMF and EC-tracer in the nonBB-period exceeding 100% deviation 

probably results from the low contribution of anthropogenic emissions and relatively high biogenic 

emissions during this time, dominating the ratios and determining the calculation of primary OC.  

In PM1, [OC/EC]p-ratios are similar in both periods and correspond to the usually observed ratios at 

other urban background places. The lower concentrations compared to PMF in the BB-period is 

therefore an effect of an overestimated intercept, as can be seen by comparison with POCbio from 

PMF-analysis. In the nonBB-period however, the noncombustion contribution corresponds well with 

PMF results and can not explain the differences. As seen for PM10, the deviation between PMF and 

EC-tracer are higher in the nonBB-period. Nevertheless, correlations of the concentrations obtained 

with EC-tracer and PMF for PM1 are significant, especially for the nonBB-period. 

Figure 4. PMF- and EC-tracer-SOC and correlations between SOC derived with both 

methods (after Pearson). Time series are represented for the BB- and nonBB-period. 
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Background station (site regV): At site regV, [OC/EC]p and the intercept are similar in both 

periods. In the BB-period, SOC-concentrations of 0.82 µg·m−3 derived from EC-tracer match well with 

the 0.76 µg·m−3 from PMF. As elucidated for site HV, a potential contribution of unapportioned OC to 

PMF results must additionally be considered. Estimations in the nonBB-period are slightly lower  

(1.21 to 1.59 µg·m−3) and again unapportioned OC to PMF results must be considered. Site regV fits 

best of all stations between both models in the BB-period. Furthermore, fits in the nonBB-period 

between both methods are considerably better compared to site HV. The better fit is at first surprising, 

as biogenic, secondary as well as primary, concentrations are similar for site regV and HV, but  

traffic emissions are even slightly lower at site regV (Tables 1 and 3). This is contrary to the earlier 

discussion that relatively high biogenic concentrations compared to anthropogenic concentrations 

additionally lead to underestimated SOC-concentrations like observed at site HV. One explanation 

could be the direct exposure to vegetation at site HV in the nonBB-period, which may lead to higher 

primary biogenic emissions. The proximity causes a lack of events with low primary biogenic 

emissions, whereas at the regV site, which is neither directly exposed to traffic nor to vegetation, the 

events used for calculations show lower total primary biogenic concentrations compared to site HV 

(red bars in Figure 5). Similar or even higher concentrations at site regV which lead to increased mean 

concentrations also at this site, rather occurred on days which were excluded from the calculations 

(green bars). In contrast, the direct vicinity of site HV to traffic in the BB-period, when vegetation 

stock is low and biomass burning emissions are similar at both sites, lead to lower OC/EC-ratios used 

for the calculations and may lead to lower calculated [OC/EC]p-ratios compared to site regV. These 

observations provide another aspect to the aforementioned discussion that the distance to traffic 

emissions have an influence on the calculation. An altered [OC/EC]p might not only be caused by 

different vehicle types, aged aerosol or a higher contribution of biogenic SOC and POC being included 

in events used for calculations at the non-traffic related sites, but also by a direct exposure to 

vegetation. The vicinity causes that OC/EC-ratios representing combustion-related ratios do not exist 

in vegetation periods at a vegetation-exposed site compared to a background site, were such events are 

also rare, but rather may occur. 

However, even though [OC/EC]p is lower compared to site HV, it is still higher than observed in 

earlier studies. According to site HV it can be supposed that some of the noncombustion OC is still 

included in the [OC/EC]p-ratio, which might explain the lower intercepts at site regV compared to 

PMF POCbio in both seasons. 

The observed tendencies distinguish that the EC-tracer-method provides well comparable results  

if sites are strongly influenced by one characteristic primary combustion source, whereas a mixture  

of biomass burning and traffic emissions as dominant anthropogenic sources but with deviating 

OC/EC-ratios may adversely affect the approach. At site LV, this refers to the nonBB-period, at least 

in PM10, where traffic is the only combustion source, compared to the BB-period, when biomass 

burning also plays a major role. At sites HV and regV, where traffic emissions are of minor 

importance, this refers to the BB-period, when biomass burning strongly influences and decreases the 

OC/EC-ratios. Furthermore, at sites which are directly exposed to vegetation, the application of  

EC-tracer seems to provide underestimated results. This refers above all to primary biogenic emissions, 

as this effect seems to be higher in the PM10-fraction compared to PM1, where primary emissions are 

low (PMF POCbio, Table 3). 
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Figure 5. Primary biogenic carbon (POCbio) for the HV and regV sites, separated by  

BB- and nonBB-period (obtained from PMF-analysis [14]). 

 
Note: The red bars indicate the events being used to calculate [OC/EC]p. Events with lower primary 
biogenic emissions rather occur in the nonBB-period and at site regV compared to site HV, leading 
to a lower [OC/EC]p. Similar or even higher concentrations at site regV only occurred on those 
days which were excluded from the calculations (green bars). 

4. Summary and Conclusions 

The EC-tracer method was applied to OC and EC PM10 and PM1 data of three different sampling 

sites in the City of Berlin, characterized by differing exposure to traffic and vegetation. The aim was to 

determine the SOC-contribution to total OC. Considering the difficulty to determine a representative 

[OC/EC]p-ratio, the first step was to select data sets collected under conditions of low SOA abundance 

using results of SOC compound analysis [22]. The second step was to calculate the [OC/EC]p-ratio 

considering spatial and seasonal variations. To compile a potential effect of the station characteristics 

on the determination of [OC/EC]p and SOC, estimations were conducted by calculating all data separated 

by stations. As an influence of biomass burning on the OC/EC-ratio could be stated, the EC-tracer 

method was additionally applied separated for periods with low and strong biomass burning emissions. 

To assess the results, comparisons with SOC-concentrations obtained with PMF from a prior study 

were performed. Uncertainties joining EC-tracer results derived especially from the fact that days with 

no SOA-emissions hardly exist, and that different combustion emissions characterized by different 

[OC/EC]p-ratios concur in the atmosphere. For PMF results it has to be reminded that a fraction  

was unapportioned which had in part to be considered as being secondary, probably leading  

to underestimated PMF-SOC. In the nonBB-period in PM10, SOC-concentrations obtained with  

PMF-results at the park exceeded EC-tracer concentrations more than 100%. At the background station 

deviations were observable, but lower compared to the park. The high deviations at the park were 

attributed to aged aerosol, the high ratio of biogenic to combustion emissions and to direct exposure  
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to vegetation. When the biogenic contribution is relatively high and biogenic sources are close, 

OC/EC-ratios representing only combustion-related ratios hardly exist, leading to overestimated 

[OC/EC]p-ratios and thus to underestimated SOC-concentrations. This was stronger attributed to 

primary biogenic emissions than to remaining SOC being included in the ratio, as this effect was 

considerably higher in the PM10-fraction, where primary emissions are higher than in PM1. In the  

BB-period in PM10, EC-tracer-SOC exceeded PMF-SOC, but showed well fits for the park and 

especially for the background station. The intercept, representing the noncombustion OC, showed 

major deviations to POCbio, which is the representative fraction for noncombustion OC obtained with 

PMF. POCbio concentrations show no clear seasonal variation between BB- and nonBB-period, but a 

clear decreasing tendency from PM10 to PM1 concentrations. For EC-tracer results, noncombustion 

concentrations between periods as well as between PM fractions are inconsistent with no clear 

observable tendencies. Adverse effects on the application of the EC-tracer method can finally be 

attributed to (1) high and direct vegetation emissions, leading to overestimated [OC/EC]p-ratios and an 

underestimated intercept; and (2) to the occurrence of two major combustion emissions with different 

primary OC/EC ratios. This results in better comparable concentrations with PMF in the nonBB-period 

at the traffic site, and in the BB-period at the park. At the background station with no direct exposure 

to any sources, neither vegetation nor biomass burning significantly alter [OC/EC]p, and well comparable 

SOC results with PMF regarding the whole season are obtained. Nevertheless, the noncombustion 

fraction seems to be underestimated, and it cannot be excluded that some of this fraction is still 

included in the [OC/EC]p-ratio. 

It can be concluded that the EC-tracer method partly provides very well comparable results with 

PMF-analysis, but it seems that a direct exposure to biogenic sources adversely influences the 

approach. It has to be stated that results presented here are based on 24 h-samples. Previous studies 

often used higher resolution samples [16,20] and suggested OC/EC ratios of samples collected in the 

early morning to be suitable for the determination of [OC/EC]p due to low radiation intensity and 

ozone concentrations, which prevent SOA-formation. It could be assumed that lower solar radiation 

also leads to lower emissions of primary biogenic aerosol. Thus, further studies shall investigate if high 

resolution data may lead to better fits also for vegetation-dominated sites. 
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Appendix 

Figures A1–A5 present the OC concentrations in relation to EC concentrations, separated by 

periods with high and low biomass burning concentrations, by stations and by PM-fraction. The red 

boxes present the data with lowest SOA-events which were finally used for the calculation of [OC/EC]p. 

The [OC/EC]p-ratio is given by the slope, the intercept represents the noncombustion contribution. 

Data on biogenic SOA were used to differentiate between events with high or low SOA-contribution. 

Days with SOA-concentrations higher than given in the table were deleted from the data pool to 

determine an [OC/EC]p-ratio. This table (Table A1), and also Figure 1 point out that events of no 

SOA-concentrations hardly occur, preventing a complete exclusion of SOA and presenting a critical 

step in the calculation of [OC/EC]p. 

Table A1. Conditions for including samples for the calculation of [OC/EC]p-ratio. 

 PM10 PM1 
 HV LV regV HV LV 

BB-period SOA < 10 SOA < 5 SOA < 10 SOA < 6 
SOA < 7 Non-BB-period SOA < 12 SOA < 7 SOA < 17 

Note: SOA is given as the sum of the α-pinene marker and the isoprene marker concentrations (ng·m−3) 

determined in a previous study [22]. 

Figure A1. Evaluation of [OC/EC]p at site HV, PM10. 

 
Note: Red boxes present the data included for calculation. 
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Figure A2. Evaluation of [OC/EC]p at site HV, PM1. 

 

Figure A3. Evaluation of [OC/EC]p at site LV, PM10. 
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Figure A4. Evaluation of [OC/EC]p at site LV, PM1. 

 

Figure A5. Evaluation of [OC/EC]p at site regV, PM10. 
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