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Abstract 28 

While several studies have investigated winter-time air pollution with a wide range of 29 

concentration levels, hardly any results are available for longer time periods covering several 30 

winter-smog episodes at various locations; e.g. often only a few weeks from a single winter 31 

are investigated. Here, we present source apportionment results of winter-smog episodes from 32 

16 air pollution monitoring stations across Switzerland from 5 consecutive winters. 33 

Radiocarbon (
14

C) analyses of the elemental (EC) and organic (OC) carbon fractions, as well 34 

as levoglucosan, major water-soluble ionic species and gas-phase pollutant measurements 35 

were used to characterize the different sources of PM10. The most important contributions to 36 

PM10 during winter-smog episodes in Switzerland were on average the secondary inorganic 37 

constituents (sum of nitrate, sulfate and ammonium = 41 ± 15%) followed by organic matter 38 

OM (34 ± 13%) and EC (5 ± 2%). The non-fossil fractions of OC (fNF,OC) ranged on average 39 

from 69–85% and 80–95% for stations north and south of the Alps, respectively, showing that 40 

traffic contributes on average only up to ~30% to OC. The non-fossil fraction of EC (fNF,EC), 41 

entirely attributable to primary wood burning, was on average 42 ± 13% and 49 ± 15% for 42 

north and south of the Alps, respectively. While a high correlation was observed between 43 

fossil EC and nitrogen oxides, both primarily emitted by traffic, these species did not 44 

significantly correlate with fossil OC (OCF), which seems to suggest that a considerable 45 

amount of OCF is secondary, from fossil precursors. Elevated fNF,EC and fNF,OC values and the 46 

high correlation of the latter with other wood burning markers, including levoglucosan and 47 

water soluble potassium (K
+
) indicate that residential wood burning is the major source of 48 

carbonaceous aerosols during winter-smog episodes in Switzerland. The inspection of the 49 

non-fossil OC and EC levels and the relation with levoglucosan and water-soluble K
+
 shows 50 

different ratios for stations north and south of the Alps, most likely because of differences in 51 

burning technologies, for these two regions in Switzerland. 52 

 53 

1 Introduction 54 

Ambient particulate matter (PM) influences the Earth’s climate directly by scattering and 55 

absorbing solar radiation and indirectly by modifying cloud microphysics (Pöschl, 2005; 56 

IPCC, 2013). In addition, aerosol particles also adversely affect human health as they can 57 

cause respiratory and cardiovascular diseases which can lead to increased mortality (Pope and 58 

Dockery, 2006; WHO, 2006). In Alpine regions and most parts of Switzerland elevated PM 59 
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concentrations are often found during winter-time since topography (e.g. alpine valleys) and 60 

frequent thermal inversions favor the accumulation of pollutants (Gehrig and Buchmann, 61 

2003; Ruffieux et al., 2006). Environmental pollution control strategies and policies have 62 

focused mainly on emissions from fossil fuel combustion so far (e.g. road traffic and 63 

industry). However, many recent studies have shown that wood burning emissions from 64 

domestic heating can be the dominating source of carbonaceous aerosols during the cold 65 

season, in Europe (e.g. Szidat et al., 2006; Szidat et al., 2007; Lanz et al., 2008; Favez et al., 66 

2010; Lanz et al., 2010; Gilardoni et al., 2011; Harrison et al., 2012; Herich et al., 2014 and 67 

references therein). Therefore, the quantification of the fossil and non-fossil, especially wood 68 

burning, contributions to PM, particularly for days with high PM concentrations, is crucial for 69 

establishing effective mitigation strategies. 70 

Carbonaceous particles are a major fraction of the fine aerosol (PM2.5, PM < 2.5 µm), 71 

contributing from 10% up to 90% of the PM mass (Gelencsér, 2004; Putaud et al., 2004; 72 

Jimenez et al., 2009). Carbonaceous aerosols are further classified into two sub-fractions: 73 

elemental carbon (EC) and organic carbon (OC) (Jacobson et al., 2000). EC originates from 74 

incomplete combustion of fossil and non-fossil fuels (e.g. coal, gasoline, diesel, oil and 75 

biomass), exclusively emitted directly as primary aerosol in the atmosphere. Meanwhile, OC 76 

may be either primary OC (POC) directly emitted in the atmosphere or secondary OC (SOC) 77 

formed in the atmosphere through the oxidation of volatile organic compounds (VOCs) from 78 

both fossil (coal combustion, industrial and vehicle emissions) and non-fossil (e.g. wood 79 

burning and biogenic emissions as well as cooking) sources (Jacobson et al., 2000; Pöschl, 80 

2005; Hallquist et al., 2009). Among several techniques applied to identify and quantify 81 

carbonaceous aerosol sources, radiocarbon (
14

C, half-life = 5730 years) analysis is a 82 

quantitative tool for unambiguously distinguishing fossil and non-fossil sources. 
14

C is 83 

completely depleted in emissions from fossil-fuel combustion, which can therefore be 84 

separated from non-fossil carbon sources which have a similar 
14

C signal as atmospheric 85 

carbon dioxide (CO2) (Szidat, 2009; Heal, 2014). The most detailed information about 86 

different sources can be achieved when 
14

C measurements are performed on OC and EC 87 

separately, since EC originates exclusively from biomass burning and fossil fuel combustion. 88 

By contrast, the apportionment of OC into these two sources using this methodology is less 89 

straightforward due to the complex primary and secondary sources of this fraction.  90 
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Radiocarbon-based source apportionment results available in the literature are often reported 91 

from measurement campaigns covering rather short periods (e.g. several days or a few 92 

months, see Hodzic et al. (2010), Minguillón et al. (2011) and Heal (2014) and references 93 

therein for a summary of several publications). Very few studies present annual or seasonal 94 

results from a full year or several seasons. For example, only two 
14

C dataset are available 95 

covering a time period of two full years (Gelencsér et al., 2007; Larsen et al., 2012), while 96 

only a few studies present a yearly cycle (e.g. Huang et al., 2010; Ceburnis et al., 2011; 97 

Genberg et al., 2011; Gilardoni et al., 2011; Zhang et al., 2014) or data from two consecutive 98 

summers (Tanner et al., 2004) or winters (Glasius et al., 2011). In addition, 
14

C results from 99 

the same time period are available simultaneously only for a limited number of stations 100 

(usually less than five, see Heal (2014) and references therein). Furthermore, only a few 101 

groups worldwide perform 
14

C measurements of the EC fraction, since such analyses are still 102 

challenging and since there are still open questions concerning the optimal approach for the 103 

EC isolation for 
14

C analysis (Zhang et al., 2012; Bernardoni et al., 2013; Szidat et al., 2013; 104 

Dusek et al., 2014). As a consequence, results of 
14

C measurements carried out separately on 105 

EC and OC are still very scarce (see Minguillón et al. (2011) and Heal (2014) and references 106 

therein). 107 

In this study, we present, to the best of our knowledge, for the first time 
14

C measurements 108 

covering a time period of five years. Aerosol filter samples were collected during winter-109 

smog episodes (days exceeding the Swiss daily PM10 limit of 50 µg m
-3

), at 16 air pollution 110 

monitoring stations across Switzerland to provide a good spatial resolution as well as different 111 

source characteristics in various area types (e.g. urban, suburban, rural, alpine valley, traffic, 112 

background, etc.). These samples were analyzed for the 
14

C content in EC and OC, 113 

levoglucosan, and major water soluble ionic species. The duration of this project together 114 

with the large number of stations results in one of the world’s largest aerosol 
14

C datasets 115 

available. This paper is the first paper of a two-part series investigating the spatial and 116 

temporal variability in the fossil and non-fossil sources of the organic and elemental carbon 117 

during high pollution events in Switzerland. This paper presents the 
14

C-based source 118 

apportionment results of carbonaceous aerosols and investigates their spatial variability. The 119 

second paper will explore the influence of meteorological parameters on the different 120 

carbonaceous components, their temporal variability and their possible trends in the last years 121 

(Zotter et al., 2014). 122 
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 123 

2 Materials and methods 124 

2.1 Aerosol sampling 125 

The filter samples analyzed in this study were collected at four stations of the Swiss National 126 

(NABEL) and 12 stations of the Cantonal air pollution monitoring networks, (EMPA, 2013; 127 

Cercl'Air, 2012). These were selected such that a good spatial distribution across Switzerland 128 

is achieved (see Fig. 1). In detail, eight stations (PAY, SOL, SIS, BAS, REI, BER, ZUR and 129 

STG) are located on the Swiss plateau, one station each in the Rhine and Rhone valley (VAD 130 

and MAS, respectively) and one station (SCH) in a small alpine valley in central Switzerland. 131 

Those 11 stations will be further referred to as stations “north of the Alps”. In addition, five 132 

sites “south of the Alps” were selected. These include stations at the Italian boarder where the 133 

terrain is more open (e.g. station CHI), plus other stations enclosed within narrow valleys 134 

(e.g. stations SVI and ROV). The locations of the stations are shown in Fig. 1 and related 135 

details are listed in Table 1. Furthermore, the selection of the stations was also carried out 136 

such that the full range of different station characteristics (from urban/traffic to rural 137 

background, see Table 1) was covered.  138 

At the selected sites, aerosols were collected onto quartz fiber filters (Pallflex 2500QAT-UP) 139 

for 24 h on a regular basis (every 2
nd

 or 4
th

 day or daily depending on the station) using high-140 

volume samplers (Digitel DHA-80, Switzerland) operating at a flow rate of 500 l min
-1

 and 141 

equipped with PM10 inlets. After the sampling, filters were wrapped in aluminum foil or lint 142 

free paper, sealed in plastic bags, and stored at -20°C until analysis. Filter sampling has been 143 

widely used but well-known non-systematic artefacts due to adsorption and volatilization of 144 

semi-volatile compounds exist (Viana et al., 2006; Jacobson et al., 2000). Since a more 145 

complex sampling (e.g. using 2 sampling lines in parallel, one with and the other without a 146 

denuder system for volatile OC removal or using 2 filters in series) is not carried out at 147 

regular air pollution monitoring stations, artefacts could not be quantified. However, due to 148 

the high filter loadings in winter such sampling artefacts are not expected to have a large 149 

contribution (e.g. Viana et al. (2007) found a 5% and 7% contribution of OC from positive 150 

sampling artifacts for winter samples in Amsterdam and Ghent) and we assume that they will 151 

not significantly influence the results presented in this study. It should be noted that on some 152 

filters PM10 mass was measured gravimetrically which includes weighting before and after the 153 
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sampling at a relative humidity (RH) of 50 ± 2% and a temperature (T) of 20 ± 2°C after 154 

conditioning for 48 h. Since these handling steps may introduce additional artefacts and none 155 

of the samples were pre-heated to remove any OC or EC present on the filters prior to 156 

sampling, the analysis of blank filters which were treated exactly the same way as the samples 157 

is very important. Therefore, ~50 field blank filters were collected and 34 of them were 158 

analyzed for 
14

C in OC, 45 for major water-soluble ionic species and 47 for OC and EC mass 159 

loading. 160 

Every winter, 5 days with high PM10 concentrations were investigated and therefore, most of 161 

the results presented below are considered as representative for winter-smog episodes, which 162 

were the objective of our study. Winter-smog episodes in Switzerland frequently occur on 163 

days with inversions, and hence relatively shallow boundary layer heights. The days were 164 

selected such that ideally PM10 concentrations at all stations exceeded the daily limit value of 165 

50 µg m
-3

. However, since meteorological conditions in Switzerland north and south of the 166 

Alps can differ strongly in winter, it was not possible to find enough days where the selection 167 

criterion was fulfilled at all stations simultaneously. Therefore, 5 identical days were chosen 168 

separately for stations south and north of the Alps. This ensures similar meteorology and the 169 

interpretability of the results in terms of spatial variations within the two regions. In addition, 170 

two to three filters per month from August 2008 to July 2009 of the urban background station 171 

ZUR were selected to cover a full yearly cycle. In total 320 aerosol filter samples were 172 

analyzed for this study. The detailed selection of all analyzed days and the distribution of 173 

PM10 concentrations on those days for every station are shown in Table S1 in the supporting 174 

information and Fig. 2, respectively.  175 

2.2 EC/OC measurements 176 

The EC and OC concentrations were measured on all samples (n = 320) and blanks (n = 47) 177 

using a thermo-optical OC/EC analyzer (Model 4L, Sunset Laboratory Inc., USA), which is 178 

equipped with a non-dispersive infrared (NDIR) detector. All samples were combusted 179 

following the thermal-optical transmittance method (TOT) using the EUSAAR2 temperature 180 

protocol (Cavalli et al., 2010). It should be noted here that the OC/EC determination with 181 

TOT instruments is not standardized yet and that measurements with different thermal 182 

protocols (e.g. NIOSH (NIOSH, 1999; Peterson and Richards, 2002), IMPROVE (Chow et 183 

al., 1993), EUSAAR2 (Cavalli et al., 2010)) may lead to discrepancies. Typically, TC 184 

measured with different protocols shows good agreement (within 10%), whereas EC can 185 
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differ significantly from method to method, up to 25%, and for highly polluted winter samples 186 

even up to 60% (Chow et al., 2001, Schmid et al., 2001; Piazzalunga et al., 2011a). We chose 187 

the EUSAAR2 protocol since this protocol is also used by the NABEL and Cantonal air 188 

quality monitoring programs to measure OC/EC concentrations for some stations on a regular 189 

basis. 190 

Repeated measurements were carried out for 150 samples out of the 320. A blank correction 191 

was performed using the average TC filter loading (2.5 ± 0.8 μg C cm
-2

) of all measured blank 192 

filters (n = 47) since no systematic differences between the different stations or throughout the 193 

years were found (see Fig. S1). Since EC was not detectable in any of the blank samples, the 194 

mean TC blank concentration was also used for the blank correction of OC. The average 195 

contribution of the blanks to the total filter loading was 5 ± 2% and 4 ± 2% for OC and TC, 196 

respectively. The mean measurement uncertainty for OC and TC was estimated to be 7.7% 197 

and 8.1%, respectively, using the variability of all samples (n = 8) that were measured three or 198 

four times and the variability of the blanks. The uncertainty for EC was assumed to be 25% to 199 

account for possible differences between different TOT protocols (Schmid et al., 2001). 200 

2.3 14C analysis 201 

2.3.1 Separation of carbonaceous particle fractions and 14C analysis 202 

14
C analysis of EC and OC was carried out on all samples. 

14
C content in the blanks was only 203 

measured for TC, since an EC loading was not found on those filters (see Sect. 2.2). In the 204 

following, we will describe the techniques and procedures of the separation of OC and EC for 205 

subsequent 
14

C measurements. 206 

OC was separated for 
14

C analysis using the THEODORE system and the Sunset analyzer 207 

(see Szidat et al., 2004 and Zhang et al., 2012, respectively for more details). In brief, in 208 

THEODORE filter punches with a diameter of 11 to 16 mm were combusted at 340°C for 10 209 

min in a pure oxygen (O2) stream. The Sunset analyzer, connected to the trapping part of the 210 

THEODORE system, was modified such that it could be operated with pure oxygen as a 211 

carrier gas in addition to the conventionally used He and He/O2. The temperatures and 212 

combustion times for the oxidation of OC to CO2 from filter punches with 0.8–1.5 cm
2
 in the 213 

Sunset analyzer were set to the same values as those used in the THEODORE protocol. The 214 

evolving CO2, from the THEODORE and the Sunset analyzer, was separated from interfering 215 

reaction gases, cryo-trapped and sealed in glass ampoules for 
14

C measurements. 216 
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The separation of EC for the 
14

C measurement was carried out following the Swiss 4S 217 

protocol as described by Zhang et al. (2012). First, water-soluble OC (WSOC) and other 218 

water-soluble components were removed by water extraction in order to minimize positive 219 

artefacts from OC charring (Piazzalunga et al., 2011a; Zhang et al., 2012). The remaining 220 

water-insoluble OC (WINSOC) was then removed by a thermal treatment in three steps. In 221 

the first two steps, OC was oxidized in O2 at 375 °C for 150 s and then at 475 °C for 180 s. In 222 

the third step, OC was then evaporated in an inert atmosphere in helium at 450 °C for 180 s 223 

followed by 180 s at 650 °C. In the end (step four), EC was isolated by the combustion of the 224 

remaining carbonaceous material at 760 °C for 150 s in O2. This method was optimized to 225 

reduce biases in 
14

C measurements of EC related to OC charring (leading to higher non-fossil 226 

EC (ECNF) values) or losses of the least refractory EC (mostly from wood burning) during the 227 

WINSOC removal (in the steps one to three) as those would lead to lower ECNF fractions. 228 

Furthermore, using the Sunset analyzer for the combustion made it possible to quantify those 229 

artefacts online, since this instrument monitors the filters during the combustion with a laser. 230 

As proposed by Zhang et al. (2012) we tested the effect of different temperatures in step two 231 

and three of the thermal protocol on the EC yields and the OC charring for some samples 232 

from stations with contrasting sources and filter loadings (e.g. highly and low loaded filters 233 

from stations with a large wood burning contribution vs. more traffic influenced stations). 234 

Charring of OC most likely occurred only at lower temperature in the steps one and two and 235 

was quantified as the difference of the maximum attenuation (ATN) and the initial ATN 236 

normalized to the initial ATN of the given thermal step. The EC yield denotes the fraction of 237 

EC remaining on the filter samples after the first three OC removal steps before the last step 238 

(step four) starts, which was used for the EC recovery for 
14

C analysis, and is defined as ratio 239 

between the initial ATN of the laser signal through the filter before step one of the thermal 240 

treatment and the ATN before step four. We found that the EC yield and charring did not vary 241 

significantly due to different temperatures (550°C–700°C) in step three and therefore this 242 

temperature was set to 650°C as suggested by Zhang et al. (2012). In contrast, varying the 243 

temperature in step two we found 525°C and 500°C as optimal values for SVI and BER, 244 

respectively, which exhibited very high filter loadings. Higher temperatures for these two 245 

stations were necessary to assure complete removal of OC and possibly charred OC before the 246 

EC step (step four). For the samples from the other stations 475°C, as suggested by Zhang et 247 

al. (2012), was found to be the optimal setting. On average 74 ± 11% of the EC was recovered 248 
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for the 
14

C measurement for all samples and charred OC only contributed 5.3 ± 4.5% to EC 249 

recovered in step four. 250 

The 
14

C measurement of the collected CO2 from the separated carbonaceous fractions was 251 

performed with the MIni radioCArbon DAting System, MICADAS (Synal et al., 2007) at the 252 

Swiss Federal Institute of Technology (ETH) Zürich and the Laboratory for the Analysis of 253 

Radiocarbon with AMS (LARA), University of Bern (Szidat et al., 2014), Switzerland, using 254 

a gas ion source (Ruff et al., 2007; Wacker et al., 2013), which allows direct CO2 injection 255 

after dilution with He (Ruff et al., 2010). All 
14

C results are expressed as fraction of modern 256 

(fM) representing the ratio of the 
14

C/
12

C content of the sample related to the isotopic ratio of 257 

the reference year 1950 (Stuiver and Polach, 1977). The fM values were corrected for δ
13

C 258 

fractionation (Wacker et al., 2010) and for the 
14

C decay between 1950 and the year of 259 

measurement. The uncertainty of the measured fM values for OC and EC (fM,OC and fM,EC, 260 

respectively) is on average ~2% for the samples presented here. 261 

2.3.2 Data correction and presentation 262 

As discussed in the following, several corrections have to be applied to the fM values obtained 263 

from the 
14

C measurement (see also Table 2 for a summary). 264 

1) Blank correction: A mass-dependent blank correction is applied to the measured fM values 265 

following an isotopic mass balance approach (Zapf et al., 2013): 266 

fM,corr = (mCsample * fM, sample – mCblk  * fM,blk) / (mCsample – mCblk)    (1) 267 

where fM,corr is the blank corrected fM, and fM,sample and fM,blk are the fM measured for samples 268 

and blanks, respectively. mCsample and mCblk denote the carbon mass in the samples and the 269 

blanks, respectively. Since blank filters are not available for all stations and years and since 270 

the 
14

C results of the blanks were not systematically different (between different stations or 271 

years, see Fig. S1), the average fM and TC values of the blanks, 0.53 ± 0.12 (n = 34) and 2.5 ± 272 

0.8 μgC cm
-2

 (n = 47), respectively, were considered for the correction of fM,OC (fM,OC,corr). The 273 

blank correction increases the fM,OC,corr values by ~3% and the uncertainty (error propagation 274 

of Eq. (1)) rises to ~3%. No EC was detected on the blank filters (see Sect. 2.2 above) and 275 

therefore no blank correction was carried out for fM,EC. 276 

2) EC yield correction: The fraction of EC, which was isolated for the 
14

C measurement (EC 277 

yield) was on average 74 ± 11% as shown in Sect. 2.3.1. However, Zhang et al. (2012) 278 

showed that fM,EC changes with different EC recoveries. They found a linear relationship 279 
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between fM,EC and the EC yield, which they used to extrapolate fM,EC to 100% EC yield using 280 

the average slope (0.31 ± 0.1) from several samples (n = 5) in order to account for the slight 281 

underestimation of biomass burning EC caused by the EC loss during EC isolation for 
14

C 282 

measurement (see Sect. 2.3.1 above). In this study, we also measured fM,EC from 11 samples at 283 

different EC yields. As shown in Fig. S2 there is also a linear relationship between the EC 284 

yield and fM,EC for the samples from this study. Even though the slopes exhibit a larger 285 

variability compared to the ones presented in Zhang et al. (2012) the average slope of all 286 

winter samples is very similar. In contrast, the slopes for the summer filters show only a very 287 

weak relationship between fM,EC and the EC yield due to the smaller fraction of less refractory 288 

EC (mainly from biomass burning) which is removed before the EC isolation for the 
14

C 289 

analysis. Beside the clear difference between samples from summer and winter, no systematic 290 

differences between different stations or years were found. Therefore, average slopes of 0.35 291 

± 0.11 and 0.07 ± 0.03 for winter and summer samples, respectively, were taken to correct all 292 

fM,EC values to 100% EC yield (fM,EC,total) using the following equation (Zhang et al., 2012): 293 

fM,EC,total = slope * (1 – ECyield) + fM,EC      (2) 294 

The uncertainty of fM,EC,total was obtained by an error propagation of Eq. (2) using the 295 

variability of the average slopes, the measurement uncertainty of fM,EC and an assigned 296 

uncertainty of 10% for the EC yield and is on average 4.2 %. 297 

3) Charring correction: Approximately 50 samples exhibited OC charring contributing >10% 298 

to EC even though the method used here for EC isolation is optimized to minimize OC 299 

charring. Therefore, the fM,EC,total values were corrected for charring (fM,EC,final) using the same 300 

isotopic mass balance approach as described in Eq. (1) in which the fM and mC values of the 301 

samples and blanks were replaced by fM,EC,total and EC as well as the fraction (fcharr, formed in 302 

step one and two of the thermal treatment as described in 2.3.1) and fM of charred OC 303 

(fM,charr). We assumed that only 50% of the charred OC contributed to the 
14

C result of EC 304 

since some charred material was most likely removed in step three. However, since some EC 305 

could be lost in step three as well the charred OC evaporated in step three cannot be 306 

quantified. Therefore, a high uncertainty of 33% is assigned to the fraction of charred OC 307 

which should in addition account for possible differences and variability between samples and 308 

stations. The fM,charr was obtained from 
14

C measurements (n = 11) of WINSOC from water-309 

extracted filters released in step one and was found to be on average 0.78. To account for 310 

possible sample-to-sample differences and variability between samples and stations we 311 
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assigned an uncertainty of 0.10 for fM,charr. The uncertainty of fM,EC,final was on average 4.4%, 312 

which is only slightly higher than for fM,EC,total (4.2%). 313 

4) Bomb peak correction: Samples from fossil sources are characterized by fM = 0 due to the 314 

extinction of 
14

C with a half-life of 5730 years whereas fM is equal to one for contemporary 315 

carbon sources including biogenic and biomass burning (fM,bio and fM,bb, respectively). 316 

However, due to the thermonuclear weapon tests of the late 1950s and early 1960s the 317 

radiocarbon content of the atmosphere increased and fM exhibit values greater than one (Levin 318 

et al., 2010). To account for this effect, the fM,OC,corr  and fM,EC,final values are converted into 319 

non-fossil fractions (fNF,OC and fNF,EC, respectively) (Szidat et al., 2006; Zhang et al., 2012) 320 

using a reference value (fNF,ref) representing the modern 
14

C content during the sampling 321 

period compared to 1950 before the bomb testing. EC is only emitted from fossil sources or 322 

biomass burning (neglecting any EC emissions from biofuels as their contribution to the total 323 

fuel use is low). Hence, fNF,ref equals fM,bb to correct fM,EC whereas it includes additionally fM,bio 324 

and the fraction of biogenic sources to the total non-fossil sources (pbio) for the calculation of 325 

fNF,OC. fM,bio was taken from long-term 
14

CO2 measurements at the background station 326 

Schauinsland (Levin et al., 2010) and fM,bb was estimated using a tree growth model as 327 

described in Mohn et al. (2008). pbio was set to 0.2 ± 0.2 since no large contributions from 328 

biogenic sources are expected in Switzerland during winter-smog episodes. In any case, pbio 329 

has only a very little impact on fNF,ref compared to other measurement uncertainties (e.g. an 330 

increase of pbio from 0.2 to 0.4 would change fNF,ref for this study only by max. 1.8%). The 331 

fM,bio, fM,bb and fNF,ref values for the different years, which were consequently used to determine 332 

fNF, OC and fNF, EC, are shown in Table S3. The final uncertainties for fNF,OC and fNF,EC (~3 % 333 

and ~5 %, respectively) were derived from an error propagation and include all the individual 334 

uncertainties of the fM values, fM,bio, fM,bb and pbio. 335 

2.4 Analyses of water-soluble major ionic species and levoglucosan 336 

The concentrations of major water-soluble ionic species (cations: K
+
, Na

+
, Mg

2+
, Ca

2+
 and 337 

NH4
+
; anions: methanesulfonate (MSA), oxalate (Ox

2-
), SO4

2-
, NO3

-
 and Cl

-
) were analyzed 338 

on all filters (n = 320) and field blanks (n = 45) with an ion chromatographic system (850 339 

Professional, Metrohm, Switzerland) equipped with a Metrosept C4 cation column and a 340 

Metrosept A anion column, respectively. Prior to the measurement a water extraction (15 ml 341 

and 50 ml for samples from 2008-2010 and 2011-2012, respectively) with ultrapure water 342 
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(18.2 M cm
-1

) for 30 min at 40 °C in an ultrasonic bath of filter punches with a diameter of 343 

11 mm was carried out. The measurement uncertainty for most of the water-soluble ions was 344 

estimated to be 10%. An uncertainty of 30% was assigned for all cations as well as for Ox
2-

 345 

and Cl
-
 with concentrations < 5 ppb in solution. A blank correction was carried out 346 

subtracting an average value of each ionic species from the concentrations in the samples. In 347 

contrast to the blank correction of the OC and TC concentrations as well as fNF,OC, where an 348 

average value of all blanks (different stations and years) was used, the average of all blanks 349 

from the different stations from each winter was taken separately. It should be noted here that 350 

not all ionic species were detected in all blanks (see Fig. S1 and Table S2). The overall 351 

uncertainty of the major water-soluble ionic species was derived from the error propagation of 352 

the measurement uncertainty and the blank variability. 353 

Levoglucosan was measured following the procedures described in Piazzalunga et al. (2010) 354 

and (2013a). In brief, levoglucosan was measured by a high-performance anion-exchange 355 

chromatography (HPAEC) with pulsed amperometric detection (PAD) using an ion 356 

chromatograph (Dionex ICS1000) equipped with an isocratic pump and a sample injection 357 

valve with a 100 μL sample loop. Prior to the analysis, a water extraction was carried out by 358 

three subsequent extractions of ~2 cm
2
 filter punches by 20-min sonication using 2 mL 359 

Millipore-MilliQ water (18.2 M cm
-1

). Levoglucosan was then separated from other 360 

compounds by a Carbopac PA-10 guard column (50 mm×4 mm) and a Carbopac PA-10 anion 361 

exchange analytical column (250 mm×4 mm) using 18 mM NaOH as an eluent. The 362 

analytical system comprised an amperometric detector (Dionex ED50) equipped with an 363 

electrochemical cell. The detector cell had a disposable gold electrode and a pH electrode as 364 

reference (both from Dionex) and was operated in the pulsed amperometric detection (PAD) 365 

mode. The measurement uncertainty was estimated to be ~5% using the average repeatability 366 

of several standards and the limit of detection in solution is 2 ppb. The levoglucosan 367 

concentrations were also analyzed for blank filters but were below the detection limit and 368 

therefore no blank correction was performed. 369 

2.5 Additional data 370 

Since all sampling sites in this project are part of the Swiss national (NABEL) or cantonal air 371 

pollution monitoring networks, additional parameters (e.g. gas phase pollutants, particle mass 372 

and meteorology) are routinely measured. PM10 and nitrogen oxides (NOx = NO and NO2) 373 



 13 

data are available from all stations (except SCH), whereas ozone (O3), sulfur dioxide (SO2) 374 

and carbon monoxide (CO) measurements are only performed at some stations. Reference 375 

instrumentation according to the valid European standards was used. PM10 is measured online 376 

with beta attenuation monitors (FH62-IR, Thermo ESM Andersen) and by TEOM-FDMS 377 

(Thermo Environmental) instruments and an approach presented in Gehrig et al. (2005) to 378 

correct/harmonize online and gravimetric PM10 measurements is routinely applied to data 379 

from all stations. It should be noted that NOx measurements using molybdenum converters 380 

suffer from interference of oxidation products of NOx which is however not crucial for 381 

winter-time conditions (Steinbacher et al., 2007). The meteorological parameters wind-speed, 382 

wind-direction, temperature (T), relative humidity (RH), precipitation and global radiation 383 

were also only measured at some of the sites. For the remaining sampling locations 384 

meteorological data were taken from nearby stations operated by the Swiss weather service 385 

(MeteoSwiss, 2014). In all networks (NABEL, Cantons and MeteoSwiss) data sets (except 386 

results obtained offline from filter samples, i.e. EC/OC and levoglucosan concentrations as 387 

well as 
14

C data) undergo an automatic and a manual quality check (data should be (1) within 388 

a plausible range, (2) show plausible variability, (3) reproduce to a reasonable extent the 389 

expected daily, monthly and yearly variations, (4) whenever possible measurements are 390 

compared to nearby or similar stations with the expectation of similar values (Barmpadimos 391 

et al., 2011)). 392 

 393 

3 Results and discussion 394 

3.1 Composition of PM10 395 

As we were interested in winter-smog episodes only days with high PM10 concentrations at all 396 

stations were analyzed. As shown in Fig. 2a the selected days from almost all locations 397 

exhibited on average values ~50 μg m
-3

 (European and Swiss daily limit) or above. While not 398 

exactly the same days were chosen for stations north and south of the main chain of the Alps, 399 

it is nevertheless evident that the PM10 burden during winter-smog episodes in Switzerland is 400 

higher south of the Alps (73 ± 27 μg m
-3

 in the south compared to 55 ± 16 μg m
-3

 in the 401 

north). These episodes often occur in winter during stable meteorological conditions including 402 

periods with high pressure, rather low temperatures and weak winds (typically less than 2 m 403 

s
−1

). Such conditions often lead to inversions with low mixing layer heights, thereby favoring 404 
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the accumulation of pollutants and consequently causing high PM10 concentrations. The 405 

reason for the higher PM10 values at stations south of the Alps is most likely due to a 406 

combination of topography (e.g. several stations are located in alpine valleys), local 407 

meteorology (e.g. more persistent inversions with rather low mixing heights compared to the 408 

north) and emissions (strong local wood burning influence, see Sect. 3.2.1 and 3.2.2 below).  409 

As only 5 winter-smog-episode days from each of the 5 winter seasons were selected and to 410 

account for possible differences in the concentration levels between the stations (especially 411 

locations north vs. south of the Alps), we will mainly focus here on the fractional 412 

contributions of the individual compounds to total PM10. The major water-soluble ions, EC 413 

and OM measured here explain 82 ± 11% of the total PM10 mass. The missing fraction could 414 

mostly be attributed to aerosol water content, the water insoluble fraction (e.g., dust particles), 415 

and/or to the uncertainties of the different measurement methods and OM:OC ratio used to 416 

convert OC to OM. The major contributors to PM10 during winter-smog episodes in 417 

Switzerland were on average the organic matter (OM = OC * 1.8, Turpin and Lim, 2001), 418 

with 29 ± 7% and 46 ± 17% followed by the secondary inorganic aerosol (SIA) constituents 419 

nitrate (NO3
-
, 25 ± 9% and 20 ± 11%), sulfate (SO4

2-
, 10 ± 4% and 6 ± 3%) and ammonium 420 

(NH4
+
, 9 ± 3% and 7 ± 4%) for stations north and south of the Alps, respectively (see Fig. 2). 421 

Differences observed in the chemical composition of the aerosol between south and north are 422 

a first indication that different emission sources may dominate the aerosol burden at these 423 

locations. The EC shares of PM10 were on average 4 ± 2% in the north and 6 ± 3% in the 424 

south. 425 

For stations north of the Alps, the range of OM contribution is rather stable (station averages 426 

23–32%), whereas south of the Alps, OM fraction span a wider range (station averages 35–427 

52%), with values statistically significantly higher than in the north (t-test significant at 95%, 428 

in general throughout the manuscript we always used a t-test with p = 0.05 to test the 429 

statistical significance of differences between stations north and south of the Alps). 430 

Furthermore, a clear trend towards larger OM contributions at more rural stations is evident in 431 

the south. The EC shares of PM10 are on average slightly lower in the north compared to the 432 

south but show similar variations among the different stations (averages range between 3–5% 433 

in the north and 5–7% in the south). As already shown above the contributions of the different 434 

SIA components to PM10 are larger in the north. In addition, they also show larger station-to-435 

station differences (averages range from 9–30% for NO3
-
, 5–11% for NH4

+
 and 7–12% for 436 
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SO4
2-

 in the north compared to 14–24% for NO3
-
, 5–8% for NH4

+
 and 5–6% for SO4

2-
 in the 437 

south). While almost all constituents of PM10 (OM, EC and NO3
-
) exhibit on average larger 438 

concentrations in the south (mainly due to the selection of days with higher PM10 439 

concentrations compared to the ones selected in the north), NH4
+
 shows on average very 440 

similar levels in both regions and SO4
2-

 even higher ones in the north (see Fig. S3). The 441 

higher SO4
2-

 fractions and levels observed north of the Alps indicate a higher background of 442 

this species possibly caused by occasional long-range transport of SO2 emissions from 443 

Eastern Europe. Another interesting feature is evident for the stations south of the Alps. The 444 

relative contributions of NO3
-
 and NH4

+
 exhibit a trend towards lower values at rural stations, 445 

as opposed to the OM fraction (see Fig. 2), which may be due to the influence of the stations 446 

in the south by air masses advected from the Po Valley, where emissions from fossil fuel 447 

combustion (e.g. NOx) are elevated (Piazzalunga et al., 2011b; Larsen et al., 2012) compared 448 

to the southern part of Switzerland. More details about the influence of air masses originating 449 

from other regions outside Switzerland will be discussed in Zotter et al. (2014). 450 

3.2 14C–based source apportionment 451 

3.2.1 Relative fossil and non-fossil contributions of OC and EC 452 

Figure 3 summarizes the individual results of all 
14

C measurements (n ~ 300 for OC and EC) 453 

from all stations for the 5 winters (2007/2008–2011/2012), except for REI, MOL, ROV and 454 

SCH (one winter) and BAS (two winters), as noted in Table 2. The use of Whisker boxplots 455 

enables the identification of the variability of the results for each station as well as the station-456 

to-station differences. Several filters from BAS showed clearly elevated fNF,OC values (larger 457 

than one and up to five) indicating that BAS is influenced by sources emitting anthropogenic 458 

14
C (e.g. from nuclear power plants, pharmaceutical industry and biochemical laboratories 459 

working with labeled 
14

C, incinerators for medical waste). BAS is the base for two of the 460 

world’s largest pharmaceutical enterprises, Roche and Novartis, and in addition an incinerator 461 

for medical waste is located in the vicinity of the station. Furthermore, 
14

C measurements on 462 

leaf samples across the city of Basel also showed partially highly elevated results (BAG, 463 

2008), indicating 
14

C-enriched CO2. Therefore, fNF,OC values from BAS were not considered 464 

for the further analysis. This artefact is however restricted to OC; the fNF,EC results did not 465 

show such an influence (see Fig. 3b) and are included and discussed throughout this study. 466 
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The data from the yearly cycle in ZUR is also excluded here but will be investigated in part II 467 

(Zotter et al., 2014). 468 

The range of all fNF,OC values (except BAS) as displayed in Fig. 3a is 0.59–0.95 and 0.62–1.02 469 

for stations north and south of the Alps, respectively. A few samples (n = 4) with fNF,OC values 470 

slightly above one were found in SVI and are within the uncertainty (~3%) of fNF,OC. They can 471 

be explained on the one hand with very high local wood-burning contributions and on the 472 

other hand with the uncertainties in the reference value fNF,ref used for the correction of the 473 

still elevated 
14

C concentrations due to the above-ground thermo-nuclear bomb tests (see Sect. 474 

2.3.2). The average fNF,OC values for stations north and south of the alps are 0.78 ± 0.08 475 

(median = 0.78) and 0.82 ± 0.07 (median = 0.83), respectively, showing that on average 476 

locations south of the Alps are more impacted  by non-fossil sources. As discussed above, 477 

non-fossil OC may include, POC and SOC from wood burning and cooking emissions, as 478 

well as primary biological particles and biogenic SOC. Cooking was estimated to contribute 479 

on average only 7.5% to OA during winter in ZUR which is the largest city of Switzerland 480 

(Canonaco et al., 2013), and is therefore expected to contribute less at the other stations. 481 

Furthermore, large inputs from biological and biogenic sources are also not expected under 482 

Swiss winter conditions, characterized by low biological activity. Therefore, the high fNF,OC 483 

values indicate that wood burning POC and SOC are most probably the main source of OC 484 

during winter-smog episodes in Switzerland. The highest fNF,OC values north and south of the 485 

Alps were found at the rural stations SCH (0.85 ± 0.04) and SVI (0.95 ± 0.05), which are 486 

located in narrow alpine valleys. The lowest non-fossil contributions to OC were observed in 487 

BER, STG, VAD and ZUR north of the Alps as well as in MOL and CHI south of the Alps, 488 

but were on average never below 70% showing that sources of fossil carbon only account for 489 

a small fraction of OC during winter-smog episodes in Switzerland, even at urban and traffic-490 

influenced stations. Furthermore, the variability of all fNF,OC values for the individual stations 491 

and the station to station differences (with the exception of SVI and BER which present the 492 

highest and lowest values, respectively) are low as displayed by the small interquartile ranges 493 

(IQR = 3
rd

 – 1
st
 quartile; 0.10 ± 0.02 in the north and 0.08 ± 0.02 south of the Alps) and the 494 

small range of the station averages (0.75–0.85 and 0.80–0.86 for stations north and south of 495 

the Alps, respectively). This suggests that the relative source contributions to OC are very 496 

consistent within Switzerland during winter-smog episodes.  497 
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Similar high non-fossil contributions to OC were also found in previous studies in 498 

Switzerland. The fNF,OC values for ZUR, ROV, MOL, REI and Sedel as well as MAS, Saxon, 499 

Sion and Brigerbad ranged on average from 61–76% with values above 90% in ROV (Szidat 500 

et al., 2006; Szidat et al., 2007; Sandradewi et al., 2008a and 2008b; Perron et al., 2010). 501 

Results previously reported for other regions in Europe show lower biomass burning 502 

contributions to OC: e.g. biomass burning OC (OCBB) to the total OC fraction of 35–54% at 503 

three Austrian cities (Vienna, Graz and Salzburg, Caseiro et al., 2009), 28–65% at three 504 

locations in the Po Valley (Milan, Sondrio and Ispra, Gilardoni et al., 2011; Piazzalunga et al., 505 

2011b) and 60% in Grenoble (Favez et al., 2010).  506 

The non-fossil fraction of EC relate more unambiguously to wood burning. For most stations 507 

the wood burning contribution was found to be <50% and thus the contribution from fossil 508 

fuel combustion, mostly due to traffic, was >50% (see Fig. 3b). However, since the average 509 

fNF,EC values, except for BER, REI and MOL, never decrease below 0.4, it is evident that 510 

wood burning emissions exceptionally account for a large fraction of EC during winter-smog 511 

episodes in Switzerland. The individual fNF,EC values range from 0.12–0.79 (on average 0.42 ± 512 

0.13) and 0.25–0.87 (on average 0.49 ± 0.15) for all stations north and south of the Alps, 513 

respectively, showing that for EC the contributions from wood burning are higher for 514 

locations south of the Alps. The lowest fNF,EC values were found at the stations BER (0.22 ± 515 

0.06), MOL (0.28 ± 0.06) and REI (0.35 ± 0.05), which are directly exposed to traffic 516 

emissions from nearby roads with a high traffic flow. Extremely high non-fossil contributions 517 

to EC up to 87% and 79% were observed in SVI (66 ± 11%) and SCH (69 ± 9%). Both 518 

stations are located in narrow alpine valleys characterized by frequent winter-time inversions 519 

and are strongly influenced by local emissions from wood combustion, which is the main 520 

source for residential heating in such areas in Switzerland.  521 

Elevated non-fossil contributions to EC have already been observed during previous 522 

campaigns in Switzerland (71 ± 18% and 84 ± 13% on average in ROV and individual results 523 

between 60% and 70% in MAS, PAY, Sedel, Brigerbad, Saxon and Sion, see Zhang et al. 524 

(2012) and references therein). Similar fNF,EC results were previously also reported for ZUR 525 

(0.24–0.34), BER (0.14), BAS (0.30), MAG (0.30–0.56), MOL (0.24), PAY (0.33–0.43) and 526 

REI (0.37) (see Zhang et al. (2012) and Herich et al. (2014), and references therein). fNF,EC for 527 

stations on the Po-valley (0.16 in Milan, 0.29 in Sondrio and 0.49 in Ispra, Gilardoni et al., 528 

2011; Piazzalunga et al., 2011b) and Grenoble (0.17, Favez et al., 2010) are comparable as 529 
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well, whereas for two urban stations in Sweden (Gothenburg and Stockholm) a wide range for 530 

fNF,EC was found (0.12–0.88, Zencak et al., 2007 Szidat et al., 2009; Andersson et al., 2011).  531 

The most prominent feature in Fig. 3 is the clear non-fossil increase south of the Alps from 532 

MOL to SVI for OC and EC. With the exception of MOL, which is directly located next to a 533 

highway, these stations are not only ordered from the most urban and traffic influenced to the 534 

most rural, but also geographically from south to north. CHI is located in a more open terrain 535 

at the Swiss/Italian border, whereas further north, towards the main Alpine chain, narrower 536 

alpine valleys dominate and the region is consequently more rural and wood burning for 537 

wintertime residential heating becomes more important. The observation that the non-fossil 538 

contributions for both, OC and EC, are on average higher at locations south of the Alps can 539 

thus be mainly attributed to the fact that there are more rural stations in the south whereas 540 

urban and suburban stations dominate north of the Alps (see Fig. 1). 541 

3.2.2 Total fossil and non-fossil contributions 542 

Next we will discuss the fossil and non-fossil concentrations of OC and EC and their 543 

contributions to TC. The fraction of TC in PM10 is on average 19–25% for stations north of 544 

the Alps and is slightly higher for locations in the south (27–30%). Fig. 4 shows the average 545 

ECF, ECNF, OCNF and OCF concentrations as well as their relative contributions to TC for all 546 

analyzed winter samples for each station. It is evident that sources of non-fossil carbon 547 

dominate TC at locations north and south of the Alps with contributions around 70 ± 18% and 548 

79 ± 10% (sum of ECNF and OCNF), respectively. Compared to other winter measurements 549 

across Europe this is rather at the higher end of the reported range and higher than reported 550 

for urban sites around the world but similar to values found for suburban and rural locations 551 

in the US and India (Hodzic et al., 2010; Heal, 2014).  552 

OCNF is the largest fraction of TC, accounting on average for 61 ± 8% and 69 ± 9% for 553 

stations north and south of the Alps, respectively, whereas ECNF contributes on average ~9% 554 

to TC in both regions of Switzerland. The fossil shares in the north of OC (18 ± 6%) and EC 555 

(13 ± 6%) are higher compared to those in the south (OCF/TC = 12 ± 6% and ECF/TC 10 ± 556 

5%). The lowest and highest fossil contributions to TC (sum of ECF and OCF) were found in 557 

SVI (10 ± 6%) and BER (43 ± 7%), respectively. For the stations south of the Alps, a clear 558 

decreasing trend in the relative contribution of fossil OC and EC from more traffic to more 559 

rural influenced stations is found (see Fig. 4 and Fig. S4). North of the Alps, such a trend is 560 
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only evident for ECF. Relative and absolute non-fossil OC and EC contributions in the north 561 

(except BER and SCH which present the highest and lowest values) only show low station-to-562 

station differences (station averages range from 58–71% and 1.5–2.5 µg C m
-3

 for OCNF as 563 

well as 8–11% and 0.9–1.9 µg C m
-3 

for ECNF, see Fig. 4 and Fig. S4). In addition, also the 564 

variability of the relative and absolute OCNF and ECNF contributions at the individual stations 565 

north of the Alps is rather small as evidenced by low IQRs (2.8 ± 0.9 µg C m
-3

 and 7 ± 2% for 566 

OCNF as well as 0.4 ± 0.1 µg C m
-3

 and 3 ± 1% for ECNF). Together with the low station-to-567 

station differences, this suggests that non-fossil sources very consistently influence stations on 568 

the Swiss Plateau. Furthermore, as discussed above, OCNF can be influenced by SOC formation 569 

which can be highly variable. However, the low OCNF station-to-station and day-to-day variability 570 

points to a similar degree of atmospheric processing and SOC formation for the chosen days in 571 

this region of Switzerland. Last, the low absolute and relative ECNF and OCNF IQRs at the 572 

individual stations and station-to-station differences also indicate that locations on the Swiss 573 

Plateau are rather influenced by regional (still mainly within Switzerland) air pollution. This 574 

is confirmed by high correlations (r = 0.7 ± 0.2, 0.5 ± 0.3, 0.9 ± 0.1 and 0.7 ± 0.1) between the 575 

concentrations of ECF, ECNF, OCF and OCNF for all measured values from each station located 576 

on the Swiss plateau (see Table 1) against ZUR which was chosen as a reference for this 577 

region. Furthermore, this is in agreement with Gehrig and Buchmann, 2003) who previously 578 

found that (1) under high pressure conditions inversions can extend over the entire Swiss 579 

Plateau and typically last several days possibly causing smog formation and (2) that PM 580 

concentrations were strongly influenced by meteorology (dilution with clean air or 581 

precipitation) rather than by variation of source activities. In contrast, correlating the fossil 582 

and non-fossil concentrations of OC and EC from stations south of the Alps against the ones 583 

from MAG shows lower values (r = 0.3 ± 0.2, 0.6 ± 0.3, 0.4 ± 0.3 and 0.3 ± 0.3 for OCNF, 584 

ECNF, ECF and OCF, respectively) indicating that local sources are more important for stations 585 

south of the Alps.  586 

3.3 Sources and behavior of fossil and non-fossil organic carbon 587 

3.3.1  Fossil fraction 588 

Fig. 5 presents the comparison between ECF, OCF and NOx, which are expected to be 589 

associated with traffic emissions, in Switzerland. ECF, which is emitted as primary aerosol 590 

from vehicles, exhibits a high correlation with NOx for the stations north (r = 0.79) and south 591 
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(r = 0.75) of the Alps, with similar slopes and axis intercepts for both regions (0.021 and 592 

0.015 µg C m
-3

 ppb
-1

 and 0.35 and 0.89 µg C m
-3

 for north and south of the Alps, respectively 593 

(see Fig. 5c), indicating a rather similar fleet composition in the two areas. Similar slopes 594 

(0.05, 0.03 and 0.02 µg C m
-3

 ppb
-1

) have been reported previously for 3 locations in 595 

Switzerland (MAG, ZUR and PAY, Herich et al., 2011), Grenoble (Favez et al., 2010) and 596 

London (Liu et al., 2014). In contrast, no correlation is found between OCF and the primary 597 

vehicular markers, ECF and NOx (r < 0.5, see Fig. 5b) for stations both north and south of the 598 

Alps. Further, the amounts of fossil organic carbon measured are significantly higher than 599 

amounts expected for traffic emissions; i.e. observed average OCF/ECF = 1.54 ± 0.83 vs. 600 

traffic OC/EC = 0.25–0.80 (El Haddad et al., 2013 and references therein). Taken together 601 

these observations indicate that a considerable amount of OCF is associated with emissions or 602 

atmospheric pathways that yield organic aerosol with little or no ECF and NOx. These 603 

processes may include primary emissions from non-mobile fossil fuel combustion sources, 604 

e.g. heavy fuel combustion (e.g. crude oil, not widely used in Switzerland), or secondary 605 

organic carbon formed from fossil VOCs emitted from traffic. 606 

3.3.2 Non-fossil fraction 607 

As mentioned above a significant fraction of non-fossil carbon during winter-smog episodes 608 

originates from wood burning. The use of a single or a set of source specific compound 609 

markers from wood burning emissions is often applied to estimate the contribution of this 610 

source to ambient aerosol (Herich et al., 2014 and references therein). The most widely used 611 

tracer compound for biomass-burning emissions is levoglucosan (Simoneit et al., 1999; 612 

Puxbaum et al., 2007; Viana et al., 2013), a product of cellulose combustion. Another wood 613 

burning tracer is water-soluble potassium (K
+
), which is an inorganic compound mainly 614 

present in ash. The wide variability of levoglucosan emission ratios results in significant 615 

uncertainties in estimating wood burning contributions. For example, ratios of OC and EC to 616 

levoglucosan for alpine regions were reported in Schmidl et al. (2008) to range from 3.7 to 617 

12.5 and from 0.7 to 4.7, respectively, dependent on the combustion conditions and fuel type 618 

used (Engling et al., 2006; Lee et al., 2010). Here, we examine the relationship between 619 

different measured wood burning markers and the measured OCNF, to investigate the main 620 

emission sources and chemical characteristics of this fraction. 621 

The comparison of ECNF and OCNF with levoglucosan (see Fig. 6) shows a high correlation 622 

for both species with the latter. The small intercept (1.3 and 2.3 µg C m
-3

 for stations north 623 
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and south of the Alps, respectively) and the high correlation (r > 0.87) between OCNF and 624 

levoglucosan suggests that the majority of OCNF originates from wood combustion; i.e. 625 

cooking and, biogenic emissions seem to be minor contributors (see Sect. 3.2.1 above). 626 

Furthermore, this indicates that OCNF is to a large extent emitted as primary aerosol, however, 627 

with the data presented in this study it is not possible to quantify a primary vs. secondary 628 

fraction of wood-burning OC. OCNF also exhibits a high correlation with K
+
 as well (r = 0.62 629 

in the north and r = 0.87 in the south, see Fig. 8a). However, K
+
 is also found in soil dust and 630 

sea salt or can be formed in incinerators and during meat cooking (Schauer et al., 1999; 631 

Schauer et al., 2001), and therefore cannot be used as unambiguous tracer for wood burning, 632 

although none of these sources are expected to have a large influence in Switzerland during 633 

winter. Another indication for OCNF originating to a large extent from wood combustion is its 634 

high correlation (r = 0.77, see Fig. 7) with ECNF, which can be almost exclusively attributed 635 

to this source. 636 

A high correlation is also found between levoglucosan and K
+
 (r > 0.6). However, clearly 637 

different slopes (0.6 and 5.4) are observed for stations north and south of the Alps, 638 

respectively. Furthermore, also the comparison of OCNF and ECNF with levoglucosan as well 639 

as OCNF with K
+
 shows significantly different ratios for stations located in the north and the 640 

south. These discrepancies between the two Swiss regions could originate from different 641 

wood types used (e.g. soft and hard wood), burning conditions, and atmospheric processing. 642 

Different ratios of OCNF and ECNF to levoglucosan indicate differences in SOC formation 643 

and/or photochemical degradation of the latter which was recently reported by Kessler et al. 644 

(2010) and Hennigan et al. (2011). However, under winter-smog conditions in Switzerland 645 

(low temperatures and photochemical activity) rapid levoglucosan degradation is not expected 646 

and no large systematic differences in the photochemical activity and SOC formation between 647 

locations south and north of the Alps were found as evidenced by very similar OCNF to ECNF 648 

ratios (7.7 ± 2.1 and 8.6 ± 2.9, see Table 3 and Fig. 7) for these two regions in Switzerland. 649 

However, with our data we cannot completely rule out different wood burning OC/EC 650 

emission ratios in both regions of Switzerland as higher primary wood burning OC emissions 651 

in the south could be compensated by a larger non-fossil SOC fraction in the north. Higher 652 

ratios of OCNF and levoglucosan to K
+
 in the south show that wood burning emissions contain 653 

a higher fraction of OC compared to the north. Data from the Swiss forest inventory (Swiss 654 

Federal Statistical Office, 2014) show that the fraction of soft (25%) and hard woods (75%) in 655 

the energy wood production is very similar between the Swiss Plateau and the regions south 656 
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of the Alps (max. 16% difference for the years 2008–2012) suggesting that households in 657 

both regions have similar access to soft and hard woods. Therefore, the different ratios 658 

between OCNF and K
+
 as well as levoglucosan and K

+
 are most likely due to different burning 659 

conditions. Previous studies demonstrated that particulate emissions from biomass 660 

combustion with high temperatures (e.g. in large combustion units, modern stoves and 661 

boilers) consist predominantly of inorganic material (K-salts) and contain little OC (Valmari 662 

et al., 1998; Johansson et al., 2003; Khalil and Rasmussen, 2003; Heringa et al., 2011; 663 

Schmidl et al., 2011). Consequently, dissimilar levoglucosan to K
+
 ratios measured at 664 

different locations have already been used as indication for different burning conditions in 665 

recent studies (Sandradewi et al., 2008b; Caseiro et al., 2009; Piazzalunga et al., 2013b). The 666 

lower levoglucosan to K
+
 ratios found in this study for locations north of the Alps therefore 667 

suggest a larger fraction of more efficient wood burners (e.g. pellet and wood chip burners) in 668 

this region compared to the south where wood stoves seem to be operated at rather poor 669 

combustion conditions with high carbonaceous and thus lower relative K
+
 emissions. 670 

The discussions above clearly showed the differences in wood burning marker ratios at 671 

locations north and south of the Alps. However, a closer inspection of the results of Table 3 672 

reveals that most wood burning marker ratios at the stations PAY and MAS (both north of the 673 

Alps) are rather similar to the average over all locations south of the Alps and the urban 674 

station CHI exhibits values more similar to the average in the north than to the other southern 675 

locations. Since in the north mainly urban and suburban stations and south of the Alps mostly 676 

rural and/or background sites were chosen (see Table 1 and Fig.1), this suggests that the 677 

differences in the wood burning marker ratios between these two Swiss regions are most 678 

likely associated with the different station characteristics (e.g. rural and/or background with 679 

high wood burning influence vs. urban, suburban and more traffic influenced stations) rather 680 

than due to their geographical location within Switzerland.  681 

3.3.3 Comparison of wood burning marker ratios with other studies 682 

Herich et al. (2014) presented an overview about previous studies carried out during winter in 683 

Switzerland and other alpine regions in Europe. Several source apportionment methods 684 

(including 
14

C analysis, aethalometer model, positive matrix factorization, chemical mass 685 

balance, macro tracer approach, see Gianini et al. (2013) and Herich et al. (2014) for a 686 

discussion about possible differences in the biomass burning marker ratios due to different 687 

approaches) were used in these studies to estimate the wood burning fraction of OC and EC. 688 
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In the following we will compare our biomass burning marker ratios with the ones 689 

summarized by Herich et al. (2014). It should be noted that the results presented in the latter 690 

study were mainly obtained from short campaigns in just a single winter season and at a 691 

limited number of stations, whereas here we performed measurements on winter filters from 692 

five years and 16 stations.  693 

The average ECNF to levoglucosan ratio for several stations north of the Alps (BER, PAY, 694 

STG, ZUR, REI, BAS, Ebnat-Kappel) from earlier winter measurements in Switzerland is 695 

consistent with the results obtained here, but for some southern stations (MAG, MOL, ROV) 696 

it is slightly higher than the average ratio found here (see Table 3). ECNF/levoglucosan ratios 697 

for three Austrian cities (Vienna, Graz and Salzburg, Caseiro et al., 2009) and three locations 698 

in the Po Valley (Milan, Sondrio and Ispra, Gilardoni et al., 2011; Piazzalunga et al., 2011b) 699 

which can be considered as north and south of the main chain of the Alps, respectively, 700 

exhibit also similar values as those obtained here. Generally lower biomass burning OC 701 

(OCBB) to levoglucosan and OCBB to ECNF ratios for the Swiss, Po-valley and Austrian sites 702 

located north and south of the Alps were found in Herich et al. (2014) compared to OCNF to 703 

levoglucosan and OCNF to ECNF ratios presented here (see Table 3). The differences in the 704 

ratios most likely originate from (1) uncertainties in the OCBB determination (e.g. 705 

OC/levoglucosan emission ratios have to be assumed which can be highly variable) (2) SOC 706 

from wood burning is not taken into account in the OCBB values as presented in Herich et al. 707 

(2014) but is included in OCNF as obtained by the 
14

C measurement and (3) a contribution of 708 

other non-fossil sources (e.g. cooking or biogenic aerosol) to OCNF as apportioned with the 709 

14
C analysis cannot be completely ruled out although they are expected to have no large 710 

influence during winter-smog episodes in Switzerland (see discussion in Sect. 3.2.1 above). 711 

The differences in the wood burning marker ratios between locations north and south of the 712 

Alps is also evident for the results presented in Herich et al. (2014). OCBB and ECNF to 713 

levoglucosan ratios are higher in the north which was also shown for the same ratios obtained 714 

here. In addition, OCBB/ECNF previously found for stations north and south of the Alps in 715 

Switzerland are very similar confirming the findings from above (see Sect. 3.3.2) that there is 716 

no significant difference in the non-fossil SOC formation between these two regions. 717 

 718 
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4 Conclusions 719 

In this study we present source apportionment results of winter-smog episodes in Switzerland 720 

(days exceeding the Swiss and European daily PM10 limit of 50 µg m
-3

) using radiocarbon 721 

(
14

C) analysis separated for the elemental (EC) and organic (OC) carbon fraction together 722 

with levoglucosan, major water-soluble ionic species and gas phase pollutant measurements. 723 

Overall, ~300 filter samples from 5 winter seasons (2008-2012) from 16 air pollution 724 

monitoring stations across Switzerland with different characteristic (e.g. urban, suburban, 725 

rural, alpine valley, traffic, background, etc.) were analyzed providing one of the world’s 726 

largest aerosol 
14

C datasets. 727 

The most important contributions to PM10 during winter-smog episodes in Switzerland were 728 

on average the organic matter OM (29 ± 7% and 46 ± 17%), followed by the secondary 729 

inorganic constituents nitrate (NO3
-
, 25 ± 9% and 20 ± 11%), sulfate (SO4

-
, 10 ± 4 % and 6 ± 730 

3%) and ammonium (NH4
+
, 9 ± 3% and 7 ± 4%) for stations north and south of the Alps, 731 

respectively. The EC shares of PM10 were on average 3–5 % north of the Alps and 5–7% 732 

south of the Alps. PM10 and OM concentrations during winter-smog episodes in Switzerland 733 

were significantly higher for stations south of the Alps, which is most likely due to a 734 

combination of topography (e.g. several stations are located in alpine valleys), local 735 

meteorology (e.g. more persistent inversions with rather low mixing heights compared to the 736 

north) and emissions (strong local wood burning influence).  737 

The fractional non-fossil contribution of organic carbon (fNF,OC) determined with the 
14

C 738 

analysis ranges on average between 0.69–0.85 and 0.80–0.95 for stations north and south of 739 

the Alps, respectively, showing that traffic contributes on average only up to 30% to OC. 740 

Furthermore, the elevated fNF,OC values together with high correlations with other wood 741 

burning markers (non-fossil EC, levoglucosan and water soluble potassium) indicate that 742 

residential wood burning is the major source of OC during winter smog episodes in 743 

Switzerland. The station-to-station differences and the variability at each individual location 744 

north of the Alps is small suggesting that on the one hand the relative source contributions, 745 

meteorological conditions, as well as the degree of atmospheric processing and secondary OC 746 

formation for the chosen days were very similar and on the other hand that different stations, 747 

especially those on the Swiss plateau, are rather influenced by regional air pollution than from 748 

local sources. The relative non-fossil contributions of EC (fNF,EC), which can be exclusively 749 

attributed to wood burning, are on average 0.42 ± 0.13 and 0.49 ± 0.15 for stations north and 750 
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south of the Alps, respectively. Since fNF,EC values are often close to 0.5 (even slightly higher 751 

for some stations) this shows that also residential wood combustion contributes to a large 752 

extent to EC during winter-smog episodes in Switzerland. The sum of non-fossil OC and EC 753 

contributes on average 70 ± 18% and 79 ± 10% to total carbon at stations north and south of 754 

the Alps, respectively, highlighting the importance of wood burning emissions from 755 

residential heating in Switzerland during winter-smog episodes. This is in agreement with 756 

recent studies which have shown that residential wood burning can be the dominating source 757 

of carbonaceous aerosols during the cold season, in Europe. 758 

The comparison between fossil EC (ECF, only emitted as primary aerosol) and nitrogen 759 

oxides (NOx), which are mainly associated with traffic emissions, showed a good agreement 760 

whereas no correlation was observed between fossil OC (OCF) and the two latter components, 761 

indicating that a considerable amount of OCF is secondary OC (SOC) formed from fossil 762 

precursors mainly emitted from traffic. Correlations between non-fossil OC (OCNF) and EC 763 

(ECNF) and the wood burning markers levoglucosan and water soluble potassium (K
+
) clearly 764 

show different slopes for stations north and south of the Alps suggesting different burning 765 

technologies in both regions.  766 
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Table 1: List of all stations, their classification according to the Swiss Federal Office for the 1133 

Environment (BAFU), their general location in Switzerland, their abbreviations which are 1134 

used later in the text, figures and tables, as well the different winter seasons from which filters 1135 

from each station were analyzed. 1136 

Station name 
Station 

code 
General location Station type Altitude 

Winter 

analyzed
*
 

Reiden-A2 REI 

north of the Alps/ 

Swiss Plateau 

rural/highway 510m 07/08 

Basel-St. Johann BAS urban/background 308m 07/08-08/09 

Sissach-West SIS suburban/traffic 410m 07/08-11/12 

Solothurn-

Altwyberhüsli 
SOL urban/background 502m 07/08-11/12 

Payerne PAY rural/background 539m 07/08-11/12 

Zürich-Kaserne ZUR urban/background 457m 07/08-11/12
#
 

St.Gallen-

Rorschacherstrasse 
STG urban/traffic 457m 07/08-11/12 

Bern-Bollwerk BER urban/traffic 506m 08/09-12/13 

Vaduz-Austrasse VAD 

north of the Alps/ 

alpine valley 

suburban/traffic 706m 07/08-11/12 

Massongex MAS rural/industry 452m 08/09-11/12 

Schächental SCH rural/background 995m 10/11 

Chiasso CHI 

south of the Alps 

urban/traffic 291m 07/08-11/12 

Magadino-

Cadenazzo 
MAG rural/background 254m 07/08-11/12 

Moleno-A2 MOL 

south of the Alps/ 

alpine valley 

rural/highway 305m 07/08 

Roveredo-Stazione ROV suburban/background 370m 07/08 

San-Vittore SVI rural/traffic 330m 07/08-11/12 

*
EC and OC concentrations, 

14
C in OC and EC were analyzed on all filters. Levoglucosan was only 1137 

analyzed for all stations for the winters 2007/2008 and 2008/2009. 1138 

#
In addition, a yearly cycle from August 2008 to July 2009 with 2-3 samples per month was analyzed 1139 

for ZUR. 1140 
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Table 2: Summary of the different correction steps of the 
14

C raw data. 1141 

Correction Abbreviations 

1) blank correction 

blksample

blkMblksampleMsample

corrM
mCmC

fmCfmC
f






,,

,

 

fM fraction of modern from 
14

C analysis 

fM,sample fM obtained on the selected filters 

fM,blk fM obtained on the blank filters 

fM,corr blank corrected fM 

mCsample carbon mass of the samples 

mCblk carbon mass of the blanks 

2) EC yield correction 

ECMyieldtotalECM fECslopef ,,, )1(   

fM,EC fM for EC 

ECyield EC fraction separated for 
14

C analysis 

slope slope between fM,EC and ECyield (see Fig. S2) 

fM,EC,total fM,EC corrected to 100% ECyield 

3) charring correction 

charr

charrcharrMtotalECM

finalECM
mC

fff
f






1

,,,

,,  

fM,charr fM of charred OC 

fcharr fraction of charred OC 

fM,EC,final charring corrected fM,EC,total 

4) bomb peak correction 

bbMbiobioMbiorefNF fpfpf ,,, )1(   

refNFcorrOCMOCNF fff ,,,, /  

bbMfinalECMECNF fff ,,,, /  

pbio biogenic fraction of total non-fossil sources 

fM,bio fM of biogenic sources 

fM,bb fM of biomass burning 

fNF,ref modern 
14

C content during sampling  

 compared to 1950 (before bomb testing) 

fNF,OC final non-fossil fraction of OC  

fNF,EC final non-fossil fraction of EC 

 1142 

 1143 

 1144 

 1145 

 1146 

 1147 

 1148 

 1149 
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Table 3: Compilation of the ratios between levoglucosan (Levo) and K
+
, ECNF and 1150 

levoglucosan, OCNF and levoglucosan as well as OCNF and ECNF for all stations. Numbers 1151 

indicate the mean values ± standard deviation. The number of samples is reported in brackets. 1152 

OCF values from BAS and all data from the yearly cycle in ZUR are excluded (see Sect. 3.2.1 1153 

and Sect. 1). No levoglucosan was measured in SCH. In addition, ratios previously reported in 1154 

literature
*
 for similar conditions are included as well. 1155 

station ECNF/Levo OCNF
**

/Levo OCNF
**

/ECNF Levo/K
+
 

REI 1.76 ± 0.49 (n = 5) 17.3 ± 4.2 (n = 5) 9.9 ± 1.3 (n = 5) 0.59 ± 0.16 (n = 5) 

BER 1.74 ± 0.21 (n = 5) 15.5 ± 2.2 (n = 5) 9.4 ± 1.6 (n = 25) 0.87 ± 0.12 (n = 5) 

BAS 1.29 ± 0.28 (n = 9) - - 1.52 ± 0.47 (n = 10) 

PAY 1.26 ± 0.21 (n = 5) 10.4 ± 1.1 (n = 5) 8.3 ± 2.5 (n = 25) 1.37 ± 0.32 (n = 5) 

SIS 1.79 ± 0.46 (n = 9) 12.9 ± 3.7 (n = 8) 6.7 ± 1.4 (n = 21) 0.63 ± 0.21 (n = 10) 

SOL 1.42 ± 0.33 (n = 9) 11.8 ± 2.2 (n = 10) 7.8 ± 2.0 (n = 25) 1.05 ± 0.25 (n = 10) 

MAS 1.15 ± 0.13 (n = 5) 10.9 ± 2.0 (n = 5) 8.4 ± 1.5 (n = 20) 2.05 ± 0.43 (n = 5) 

ZUR 2.12 ± 0.79 (n = 9) 13.1 ± 2.2 (n = 9) 7.3 ± 2.0 (n = 25) 0.80 ± 0.22 (n = 10) 

VAD 2.43 ± 0.78 (n = 9) 12.1 ± 3.5 (n = 10) 5.9 ± 1.5 (n = 25) 0.88 ± 0.24 (n = 10) 

STG 1.77 ± 0.29 (n = 14) 11.7 ± 2.0 (n = 14) 7.4 ± 1.9 (n = 25) 0.97 ± 0.26 (n = 13) 

SCH - - 5.1 ± 1.2 (n = 3) - 

ΜΟL 0.77 ± 0.24 (n = 5) 7.3 ± 2.0 (n = 5) 9.9 ± 2.9 (n = 5) 3.67 ± 0.83 (n = 5) 

ROV 0.76 ± 0.43 (n = 5) 7.0 ± 3.0 (n = 5) 9.7 ± 2.1 (n = 5) 4.39 ± 1.53 (n = 5) 

CHI 1.01 ± 0.28 (n = 10) 9.9 ± 2.8 (n = 10) 9.8 ± 3.7 (n = 25) 2.87 ± 0.97 (n = 10) 

MAG 0.80 ± 0.17 (n = 10) 6.9 ± 2.6 (n = 10) 7.9 ± 2.4 (n = 25) 3.29 ± 0.73 (n = 10) 

SVI 0.93 ± 0.19 (n = 6) 6.9 ± 1.4 (n = 6) 7.3 ± 1.9 (n = 22) 4.49 ± 1.20 (n = 6) 

north of Alps 1.72 ± 0.59 (n = 79) 12.6 ± 3.1 (n = 71) 7.7 ± 2.1 (n = 199) 1.03 ± 0.46 (n = 83) 

south of Alps 0.87 ± 0.27 (n = 36) 7.8 ± 2.7 (n = 36) 8.6 ± 2.9 (n = 82) 3.58 ± 1.16 (n = 36) 

Austria
***

 1.31 ± 0.11 7.24 ± 0.03 5.57 ± 0.48 - 

Po-valley
****

 0.89 ± 0.06 5.62 ± 0.30 6.54 ± 0.25 - 

north of Alps
#
 1.82 ± 0.44 9.05 ± 1.77 4.98 ± 0.39 - 
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south of Alps
ǂ
 1.20 ± 0.37 7.04 ± 0.90 4.72 ± 0.04 - 

*
data from the publications listed below were summarized and recalculated by Herich et al. (2014) 1156 

**
Herich et al. (2014) obtained biomass burning OC (OCBB) ratios which do not include SOA 1157 

***
average over measurements in winter from Vienna, Graz and Salzburg (Caseiro et al., 2009) 1158 

****
average over measurements in winter from Milan, Sondrio and Ispra (Gilardoni et al., 2011; 1159 

Piazzalunga et al., 2011b) 1160 

#
average over measurements in winter from BER, PAY, STG, ZUR, REI, BAS, Ebnat-Kappel 1161 

(Sandradewi et al., 2008b; Herich et al., 2011; Gianini et al., 2012) 1162 

ǂ
average over measurements in winter from MAG, MOL, ROV (Sandradewi et al., 2008b; Herich et 1163 

al., 2011; Gianini et al., 2012) 1164 

 1165 

 1166 

 1167 

 1168 

 1169 

 1170 

 1171 

 1172 

 1173 

 1174 

 1175 

 1176 

 1177 

 1178 

 1179 

 1180 

 1181 
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 1182 

 1183 

 1184 

 1185 

Figure 1: Location of the different stations in Switzerland investigated in this study. White 1186 

labels indicate stations from which filters from only 1 or 2 winters were analyzed. For all 1187 

other stations samples from 4 or 5 winters were studied.  1188 

 1189 

 1190 

 1191 

 1192 

 1193 

 1194 

 1195 

 1196 
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 1197 

 1198 

 1199 

Figure 2: Whisker box plots of the fractional contributions of the major constituents of PM10 1200 

(water-soluble ions NO3
-
, SO4

2-
 and NH4

+
 as well as EC and OM = OC * 1.8) from all 1201 

analyzed winter samples (n ~ 300). The open red circles represent the mean and the black 1202 

crosses the max. and min. values. The boxes represents the 25
th

 (lower line), 50
th

 (middle line) 1203 

and 75
th

 (top line) percentiles. The end of the vertical bars denote the 10
th

 (below the box) and 1204 

90
th

 (above the box) percentiles. Stations north and south of the Alps are sorted from the left 1205 

to the right from the nominal most traffic-influenced station (see Table 1) to the most rural 1206 

one. Data from the yearly cycle in ZUR are excluded. Only averages ± standard deviations are 1207 

displayed for stations from which only filters from one winter were analyzed. The Whisker 1208 

box plots showing the absolute concentrations are presented in Fig. S3 in the Supplementary 1209 

Material. 1210 

 1211 

 1212 
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 1213 

  1214 

Figure 3: Whisker box plots of the fractional non-fossil contributions of OC (a) and EC (b) 1215 

summarizing all winter filter samples measured for 
14

C (n ~ 300 for OC and EC). Stations 1216 

north and south of the Alps are sorted from the left to the right from the nominal most traffic-1217 

influenced station (see Table 1) to the most rural one Only averages ± standard deviations are 1218 

displayed for stations from which only filters from one winter were analyzed. fNF,OC values for 1219 

BAS are not included since several values above one were found (see Sect. 3.2). Data from 1220 

the yearly cycle in ZUR are excluded as well. 1221 

 1222 

 1223 

 1224 

Figure 4: Average over all analyzed winter samples (n ~300) for each station of ECF, ECNF, 1225 

OCNF and OCF (a) as well as their relative contribution to TC (b). Total OC is displayed for 1226 

BAS since fNF,OC values for this station are not included in the analysis due to several values 1227 

above one (see Sect. 3.2.1). Data from the yearly cycle in ZUR are excluded as well.  1228 

 1229 
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 1230 

 1231 

Figure 5: Comparison for stations north and south of the Alps for (a) ECF and OCF, (b) NOx 1232 

and OCF as well as (c) NOx and ECF. OCF values from BAS and all data from the yearly cycle 1233 

in ZUR are excluded (see Sect. 3.2.1 and Sect. 1). An orthogonal distance regression was used 1234 

to fit the data. 1235 

 1236 

  1237 

Figure 6: Scatter plot of OCNF (a) and ECNF (b) vs. levoglucosan combined with Whisker box 1238 

plots of their ratios for all measured winter samples (red circles denote the mean). OCNF 1239 

values from BAS and all data from the yearly cycle in ZUR are excluded (see Sect. 3.2.1 and 1240 

Sect. 1). Levoglucosan data is only available for the first two winter seasons (see Table 2). An 1241 

orthogonal distance regression was used to fit the data. 1242 

 1243 
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 1244 

 1245 

Figure 7: Comparison of OCNF and ECNF combined with Whisker box plots of their ratios for 1246 

all measured winter samples (red circles denote the mean). OCNF values from BAS and all 1247 

data from the yearly cycle in ZUR are excluded (see Sect. 3.2.1 and Sect. 1). An orthogonal 1248 

distance regression was used to fit the data. 1249 

 1250 

  1251 

Figure 8: OCNF (a) and levoglucosan (b) as a function of the K
+
 concentrations combined with 1252 

Whisker box plots of their ratios for all measured winter samples (red circles denote the 1253 

mean). OCNF values from BAS and all data from the yearly cycle in ZUR are excluded (see 1254 

Sect. 3.2.1 and Sect. 1). Levoglucosan data is only available for the first 2 winter seasons (see 1255 

Table 2). An orthogonal distance regression was used to fit the data. 1256 

 1257 


