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Abstract 22 

Sulphur dioxide is still a major industrial pollutant in the atmosphere. However, its origin 23 

is not always easily traceable, particularly at regional scale where numerous sulphur 24 

sources coexist. Geochemical tracers, such as the stable sulphur (δ34S) and oxygen 25 

(δ18O) isotopic compositions of sulphates in precipitation, have been successfully applied 26 

for estimation of the S-contribution from multiple sources to the atmosphere. However, 27 

the majority of previous studies conducted over relatively short time spans have revealed 28 

a short-term seasonal trends only and were unable to capture multi seasonal systematics. 29 

Here, we present results from a five-year monitoring program conducted in Wrocław (SW 30 

Poland). We have determined the Local Meteoric Water Line of δ2H= (6.91±0.25) × δ18O 31 

+ (2.39±2.43) and sulphates stable sulphur (δ34S(SO4) 0.3 to 5.4‰) and oxygen 32 

(δ18O(SO4) 4.7 to 19.1‰) isotope composition in precipitation. The stable sulphur isotope 33 

results confirm that sulphates in precipitation primarily originate from high temperature 34 

(minimum mean over sampling period 680°C) combustion of fuels with δ34S signatures 35 

≤4.4‰. The stable oxygen isotope composition of sulphates and precipitation water 36 

indicates that the primary sulphate (generated directly by industrial processes) 37 

contribution was <49 % during the whole study period, with a mean of ~20% during the 38 

non-heating and ~40% during the heating periods. The δ34S(SO4) value for precipitation 39 

displays multi-seasonal oscillations with an amplitude of about 2‰, which has not been 40 

previously reported. The mechanism driving the oscillation needs further investigation in 41 

order to reveal possible associations between this phenomenon and climatic patterns or 42 
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changes in fossil fuel use. This new evidence from 5-year-long records needs to be taken 43 

into consideration when analysing trends from shorter-term observations. 44 

 45 
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1. Introduction 49 

Most industrial processes emit polluting gases (NOx/SOx/CO2) and particulate 50 

matter into the atmosphere, causing degradation of air quality (Lim et al., 2014). Europe 51 

was afflicted by particularly severe atmospheric pollution in the 1970s and 1980s, when 52 

acid rain seriously damaged forest stands in three border regions of Lower Silesia 53 

(Poland), Saxony (Germany) and Northern Bohemia (Czech Republic) (Worobiec et al., 54 

2008). Despite the continuous modernization of many branches of various industries (e.g. 55 

non-ferrous smelters, flue-gas desulfurization installed in coal-burning power plants) and 56 

closure of others (e.g. coal mines, coke plants), the air quality in Lower Silesia remains a 57 

subject of concerns (Górka et al., 2008, Szynkiewicz et al, 2008; Górka et al., 2011; 58 

Ciężka et al., 2016).  59 

Sulphur compounds in the atmosphere, which occur in a variety of gaseous, liquid 60 

and solid forms, may be derived from a number of natural and anthropogenic sources, 61 

including sea spray, sulphur-reducing bacteria, volcanic gases, combustion of fossil fuels 62 

and various industrial processes (Newman et al., 1991; Lim et al., 2014). The sea spray 63 

contribution is significant on a global scale; however, its contribution to local atmospheric 64 

S-pools is proportional to the distance from the coast and dominant weather patterns 65 

(Tichomirowa et al., 2007). Therefore, in many locations, particularly inland urban 66 

locations, sea spray contributes only a minor fraction to the total atmospheric S-pool, with 67 

the majority of sulphate originating primarily from fossil fuel combustion (Lim et al., 2014). 68 

All anthropogenic sulphates associated with fossil fuel combustion can be classified into 69 

two major groups: (i) primary sulphates, which are formed directly during industrial 70 

combustion before emission into the atmosphere and (ii) secondary sulphates, which are 71 

formed in the atmosphere from emitted gaseous SO2 by heterogeneous or homogenous 72 
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conversion processes (Holt et al, 1982). The quantitative relationship between both types 73 

of sulphates gives a useful estimate of the relative yields from local and distant sources 74 

(Holt et al, 1982). 75 

The major element concentrations and isotope composition analyses of pollutants, 76 

especially of sulphur compounds such as SO2/SO4/S-aerosols, provide useful information 77 

for direct identification of S-sources in the atmosphere (Zhang et al., 2010; Harris et al., 78 

2012) and indirect estimation of contributions to the biosphere (Jędrysek et al, 2002; 79 

Skrzypek et al., 2008; Migaszewski et al., 2010; Kosior et al., 2015). The stable sulphur 80 

isotope composition of sulphate in precipitation primarily reflects the initial S-source 81 

composition (Zhang et al., 2010; Harris et al., 2012). Conversely, the stable oxygen 82 

isotope composition of sulphate reflects the stable oxygen isotope composition of 83 

atmospheric moisture and the temperature at the time of sulphate’s formation (Holt et al., 84 

1981; Holt et al., 1982; Holt and Kumar, 1991). Once formed, its stable sulphur and 85 

oxygen isotope compositions do not undergo any further fractionation or isotope 86 

exchange, thereby preserving the original signature from the time of sulphate’s formation. 87 

Hence, stable sulphur and oxygen isotope analyses can be used in environmental studies 88 

for identification of the origin (natural vs. anthropogenic) and transformation processes 89 

(inputs vs. removal) of S-compounds in the atmosphere (Tichomirowa et al., 2007). 90 

Previous studies successfully used the stable sulphur and oxygen isotope compositions 91 

for monitoring sources and origins of (i) precipitation SO4 (Caron et al., 1986; Jamieson 92 

and Wadleigh, 1999; Tichomirowa et al., 2007; Lim et al., 2014); (ii) atmospheric SO2 93 

(Novák et al., 2000; Querol et al., 2000; Zhang et al., 2010) and (iii) aerosol particles 94 

(McArdle et al., 1998; Norman et al., 2006; Sinha et al., 2008). In the present study, the 95 

stable H and O isotope compositions of water and the stable S and O isotope 96 
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compositions of sulphates were used for the long-term 5-year monitoring (179 samples, 97 

05.2004–05.2009) of atmospheric precipitation in Wrocław (SW Poland). The objectives 98 

were (i) to estimate the relative contribution of different S-sources to atmospheric pollution 99 

and (ii) to investigate the causes of seasonal patterns and changes in temporal 100 

contributions from these S-sources.  101 

 102 

 103 

2. Materials and methods 104 

2.1 Study area 105 

The samples were collected using a rainwater gauge installed in Wrocław (Fig. 1), 106 

the largest city in Lower Silesia (~630k inhabitants, 293 km2), located in the basin of the 107 

middle Oder River on the Silesian Lowlands between Trzebnickie Hills (~30 km to N) and 108 

the Sudety Mountains (~80 km to SW) (SW Poland). Wrocław has a relatively humid 109 

temperate continental climate (Dfa in the Koeppen climate classification) and it is one of 110 

the warmest cities in Poland. The mean annual temperature is ~9.0oC and the average 111 

annual rainfall is 567 mm (period 1981–2000, Dubicki et al., 2002). The dominant wind 112 

directions are from W (27.6% days) and S (23.1%), with an average speed about 2.5 m·s-113 

1 (mean for 1981–2000, Dubicki et al., 2002).  114 

During the study period (2004–2009), the city of Wrocław featured mainly an old-115 

style complex road geometry without a ring road (the A8 highway was completed in 2011). 116 

Apart from the road traffic, two other types of anthropogenic atmospheric pollutants 117 

predominated: (i) primary industrial-origin emissions and (ii) secondary mixed origin 118 

emissions from industrial and low-emission sources (e.g. home heaters, small local 119 

industries, etc.). The bulk of the local pollution is most likely generated by two heat and 120 
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power stations powered by coal (bituminous coal) and biomass (Wrocław and Czechnica 121 

– see Fig. 1) located in Wrocław. Other large emitters potentially affecting the Wrocław 122 

atmosphere (Fig. 1) could be: (i) the Głogów copper smelter (ca. 95 km to the NW); (ii) 123 

the Legnica copper smelter (ca. 65 km to the W);(iii) the Turów lignite-power plant (ca. 124 

150 km to the WSW); (iv) the Opole coal-power plant (ca. 75 km to the SE); (v) the 125 

Jaworzno coal power plant (ca. 185 km to the SE) and (vi) the Bełchatów lignite-power 126 

plant (ca. 160 km to the ENE). 127 

 128 

[Figure 1 about here] 129 

 130 

2.2. Sample collection 131 

The passive rain collector was installed in an open area, without a tree-canopy 132 

cover, at The Institute of Geological Sciences, The University of Wrocław (Cybulskiego 133 

30, Wrocław; Fig. 1). The collector was designed following the IAEA-WMO Technical 134 

Procedure for Sampling and consisted of an 80 cm diameter funnel (covered by a plastic 135 

mesh) and a 5 dm3 HDPE plastic container. Precipitation samples were collected from 136 

May 2004 to May 2009 after each rain event and either transferred and sealed in glass 137 

vials or processed as described below in the analytical procedures section. The mean 138 

daily temperature, sums of daily precipitation and the daily mean SO2 concentrations in 139 

air were simultaneously monitored at a nearby station operated by the Voivodship 140 

Inspectorate for Environment Protection (VIEP) in Wrocław (Fig. 1). 141 

 142 

2.3. Analytical procedures 143 
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Precipitation samples have been subsampled to 20 mL glass vials with a rubber 144 

septa and sealed with an aluminium lids using a hand-operated crimper and stored at 4ºC 145 

in fridge. The rest of water samples were filtrated using Sartorius system (Sartolab) and 146 

acidified to pH 3. Subsequently, sulphate was precipitated as BaSO4 after addition of 147 

BaCl2. The concentration of sulphate was calculated from the measured volume of the 148 

collected atmospheric precipitation and the weighted mass of precipitated BaSO4. 149 

Stable hydrogen isotope composition of water has been analysed using two 150 

analytical methods (i) off-line water reduction on zinc (Coleman et al., 1982) and DI-IRMS 151 

Finnigan Mat Delta Plus XP and (ii) on-line equilibration (Horita et al., 1989) utilizing a 152 

Thermo Finnigan GasBench II, coupled with a continuous flow CF-IRMS (Thermo Delta V 153 

Advantage). Stable oxygen isotope composition of water has been analysed using other 154 

two analytical methods (i) off-line equilibration (Epstein and Mayeda, 1953) and dual inlet 155 

DI-IRMS (Finnigan Mat Delta E) and (ii) on-line equilibration (Horita et al., 1989) utilizing 156 

a Finnigan GasBench II, combined online with the CF-IRMS (Thermo Delta V Advantage). 157 

All δ-values have been reported on VSMOW scale after normalization using two laboratory 158 

standards calibrated using international reference materials VSMOW2 and SLAP2 159 

(Coplen, 1994). The analytical uncertainty was 0.2‰ for δ18O(H2O) and 1.0‰ for 160 

δ2H(H2O). 161 

Stable oxygen isotope composition of sulphates has been analysed using two 162 

analytical methods: (i) off-line as described in Rafter (1967) and Mizutani (1971) and 163 

analysed using DI-IRMS (Finnigan Mat Delta E) and (ii) on-line analysis using Thermal 164 

Conversion Elemental Analyser (TC/EA Thermo Finnigan) coupled with CF-IRMS 165 

(Thermo Delta XL Plus). Stable sulphur isotope analyses of sulphates were performed 166 

using off-line method as described in Yanagisawa and Sakai (1983) and DI-IRMS (MI-167 
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1305 and Thermo Delta V Advantage). All δ18O(SO4) values were reported after multi‐168 

point normalisation (Skrzypek, 2013) to the VSMOW scale and δ34S(SO4) to VCDT scale 169 

based on international standards IAEA-SO-5, IAEA-SO-6 and NBS127 (Skrzypek and 170 

Sadler 2011). The combined uncertainty was ≤0.30‰ (one sigma) for both δ18O(SO4) and 171 

δ34S(SO4). 172 

All statistical analyses have been conducted in Statistica 12.0 StatSoft and Golden 173 

Software Grapher 12. Slopes and intercepts for regression equations are presented with 174 

an uncertainty given as one standard deviation (±SD). The calculated R Pearson 175 

correlation coefficients are reported in Table SM-2 (in Supplementary Materials). The R, 176 

R2 and p values for the LWML are calculated as in Hughes and Crawford (2012) 177 

accordingly to the applied linear regression models. The backward trajectories of the air 178 

masses were calculated using the HYSPLIT model (Draxler and Hess, 1997; Draxler and 179 

Hess, 1998; Draxler, 1999; Stein et al., 2015; Rolph, 2016) maintained by the U.S. 180 

National Oceanic and Atmospheric Administration (http://www.arl.noaa.gov).  181 

 182 

3. Results 183 

3.1. Weather, sulphur dioxide concentration in air and sulphate concentration in 184 

precipitation 185 

The daily mean annual air temperature (9.3°C) recorded for precipitation sampling 186 

intervals varied between -7°C (on 29/01/2006) and 27°C (on 29/07/2005), (Table SM-1 in 187 

Supplementary Materials, Fig. 2A) and was consistent with the daily mean annual 188 

temperature of 9.2°C continuously recorded during entire 5-year observation period 189 

(2004–2009). Daily sums of precipitation varied between zero and 48 mm (4/08/2006) 190 

(Fig. 2E and 3E), while the annual mean precipitation over the five year period (2004–191 
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2009) was ~600 mm/yr. The atmospheric SO2 daily mean concentration monitored during 192 

the sampling precipitation intervals varied between 0 and 45 µg·m-3 (Table SM1 in 193 

Supplementary Materials, Fig. 3A). By contrast, the atmospheric daily mean SO2 194 

concentration for all days during the entire observation period (25/5/2004 to 25/5/2009), 195 

including days without precipitation, varied across a much wider range, from 0 to 149 196 

µg·m-3. However, the mean value for all days (9±10 µg·m-3) was only marginally higher 197 

when compared to the mean for sampling precipitation intervals (8±8 µg·m-3), suggesting 198 

that the days with dry weather were only occasionally characterised by short periods with 199 

higher SO2 concentrations in air. The concentration of sulphates varied from 0.9 mg·dm-3 200 

(on 1/08/2005) to 98.4 mg·dm-3 (on 12/04/2007), with a mean of ~12.8±13.1 mg·dm-3 (Fig. 201 

3B). 202 

 203 

[Figure 2 about here] 204 

 205 

[Figure 3 about here] 206 

 207 

3.2. Stable H, O, S isotope composition of sulphate and water in precipitation 208 

The five-year monitoring program (25/05/2004–25/05/2009) revealed a wide range 209 

of variations in the stable hydrogen (H), oxygen (O), and sulphur (S) isotope compositions 210 

in sulphate and water in precipitation collected at the Wrocław city centre (see Table SM-211 

1 in Supplementary Materials). The δ34S(SO4) value ranged from a minimum of 0.3‰ 212 

(13/06/2005) to a maximum of 5.4‰ (16/05/2007), with a mean of 2.8±0.9‰ (Fig. 3D). 213 

The δ18O(SO4) ranged from 4.7‰ (12/12/2005) to 19.1‰ (18/03/2008), with a mean of 214 
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13.5±2.0‰ (Fig. 2B). δ18O(H2O) and δ2H(H2O) values in precipitation water displayed a 215 

typical strong seasonality associated with air temperature variation (Fig. 2C and 2D). The 216 

δ18O(H2O) value ranged from a minimum of -17.8‰ (winter, 2/02/2009) to a maximum of 217 

0.0‰ (summer, 24/06/2008), with an arithmetic mean of -8.5±3.8‰. The δ2H(H2O) value 218 

ranged from -127.2‰ (2/02/2009) to -1.9‰ (26/06/2008), with an arithmetic mean of -219 

56.7±28.2‰.  220 

 221 

 222 

4. Discussion 223 

4.1. Stable hydrogen and oxygen composition in precipitation 224 

The sites with Global Network of Isotopes in Precipitation records (International 225 

Atomic Energy Agency, GNIP/IAEA) nearest to Wrocław are located about ~300 km away, 226 

in Kraków (Poland) and Vienna (Austria) (Skrzypek et al., 2011). Kraków is the only 227 

location in Poland with published and publicly available long-term record (GNIP/IAEA). 228 

However, a local long-term monitoring of the stable hydrogen and oxygen isotope 229 

composition in precipitation is critical for establishing the Local Meteoric Water Line 230 

(LMWL). Such isotope baseline is required as a reference for all hydrological, 231 

hydrogeological and paleoclimate stable isotope studies (e.g., Dogramaci et al. 2012; 232 

Guan et al., 2013). The LMWL for Wrocław was obtained by recalculating the δ2H and 233 

δ18O values in precipitation obtained for individual precipitation periods over five years 234 

into monthly weighted averages proportionally to the precipitation volumes (54 months). 235 

The equation for the Wrocław LMWL varies depending on the method used for calculation 236 

(Hughes and Crawford, 2012): δ2H= 6.91±0.25 × δ18O+2.39±2.43 for the Ordinary Least 237 
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Square Regression (OLSR), δ2H= 7.15±0.25 × δ18O+4.54±2.43 for the Reduced Major 238 

Axis (RMA) and δ2H= 7.00±0.21 × δ18O+3.64±0.74 for the monthly Precipitation Amount 239 

Weighted Least Squares Regression (PWLSR) (Fig. 4A). These regression equations do 240 

not differ statistically from each other (all p>0.4) and from a preliminary equation 241 

calculated based on data published by Górka et al. (2008) for 32 individual precipitation 242 

events (05.2004-05.2005) using OLSR, δ2H= 6.83±0.20·δ18O +3.10±1.78 (R2=0.98, p< 243 

0.001) and RMA δ2H= 6.92·δ18O +3.79. The slope of new OLSR-LMWL for Wrocław is 244 

more similar to that of Vienna (p = 0.15, not statistically different), located 3° further to the 245 

South in latitude (OLSR equation δ2H= 7.28±0.06·δ18O + 0.11±0.65, n=516), than it is to 246 

Kraków (p < 0.01, statistically different), located just 1° further to the south but 3° further 247 

to the east (OLSR equation δ2H= 7.81±0.04·δ18O + 6.67±0.44, n=334) (IAEA, 2002). This 248 

cross-comparison with the closest GNIP/IAEA stations confirms that establishing the 249 

LMWL can be valuable even for sites located within 300 km. In addition, as expected, the 250 

correlation between the air temperature during rainy days and the δ18O value in 251 

precipitation was statistically significant and strong, Tair = 1.64±0.16 × δ18O+ 23.55±1.56 252 

(n = 54, R2=0.66, p<0.001, Fig. 4B), but not significantly different from the relationship 253 

obtained for Kraków (p = 0.40) for monthly mean temperatures and precipitation sums Tair 254 

= 1.41±0.22 δ18O + 21.63±0.02 (R2 = 0.70, p<0.001, n = 334), or from that of Vienna 255 

(p=0.56) Tair = 1.54±0.06 δ18O + 25.30±0.58 (R2 = 0.60, p<0.001, n = 515) (following the 256 

calculation approach as in Skrzypek et al., 2016). 257 

 258 

 259 

[Figure 4 about here] 260 

 261 
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4.2. Concentrations of sulphate in precipitation and sulphur dioxide in air 262 

Prior to this study, the total emission from the industrial sources (e.g., heat and 263 

power stations, smelters etc.) in the Lower Silesia region showed a progressive eight-fold 264 

decrease between 1980 and 2009, from 409 Gg/yr to 54 Gg/yr, following political and 265 

industrial transformations in Poland (Report VIEP, 2009). Similarly, the annual mean SO2 266 

concentration in air recorded at the VIEP Wrocław station showed a seven-fold decrease 267 

between 1993 and 1999, from ~26 µg·m-3 to ~4 µg·m-3 (Report VIEP, 1999). The annual 268 

mean large-scale industry SO2 emissions in the city of Wrocław continued to show a 269 

gradual decrease also later during the sampling period, from 9.3 Gg/yr in 2005 to 4.1 Gg/yr 270 

in 2009 (Krajewski, 2010). This further decrease in industrial emissions has not been 271 

reflected in a decrease in SO2 concentration in the air, as it remained more or less 272 

constant during the 5-year sampling period (2005-2009), showing an irregular variations 273 

between ~7 and ~11 µg·m-3 (Report VIEP, 2009). However, the reduction in the total 274 

emission from large-scale industry does not necessarily have to be reflected in the 275 

decrease of the local SO2 concentration in the air at municipal locations. The SO2 276 

concentration in air may respond stronger to a local unclassified emission sources, such 277 

as private home heating and local traffic. Hence, distinguishing the relative contributions 278 

from industrial and local sources of SO2 is important in order to decipher the variables 279 

decisive for air quality. The direct application of stable isotope analyses to air-SO2 can be 280 

challenging due to the relatively low (from an analytical point of view) concentrations. 281 

Nonetheless, the concentration and the stable isotope composition of the sulphates in 282 

precipitation has been already used successfully as a proxy for variation of air pollution 283 

over time  by utilizing temperature-dependent stable isotope oxygen fractionation model 284 

between primary/secondary sulphates and atmospheric H2O (Holt et al., 1982). The 285 
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rationale of this approach is also supported by relatively weak correlation between the 286 

concentrations of SO2 in air and the sulphate in precipitation (R2=0.22 p=0.008 n=147, 287 

Table SM-2). This suggests that the variation in the sulphate concentration in precipitation 288 

can be only partially explained by the variation in the local SO2 concentration in air and 289 

stable isotope analysis is required to estimate ratios between different S-sources. 290 

The range of sulphate concentrations in precipitation observed during this study 291 

(0.93 to 98.39 mg·dm-3) was wider than the ranges reported previously for shorter duration 292 

studies conducted at other locations in Poland: (i) Lublin (01/1979-12/1979), from 1.0 to 293 

19.3 mg·dm-3 (Trembaczowski, 1991); (ii) Wrocław (10/1993-07/1995), from 4.62 to 49.11 294 

mg·dm-3 (Jędrysek, 2000); and (iii) Wrocław (05/2004-05/2005), from 1.84 to 19.67 295 

mg·dm-3 (Górka et al., 2008). The statistically significant negative correlations between air 296 

temperature and the SO2 concentration in air (R2=0.53 p<0.001 n=1451), as well as the 297 

sulphate concentrations in precipitation (R2=0.21 p<0.001 n=177) confirm the relatively 298 

higher levels of air pollution during colder weather (Table SM-2), which can be directly 299 

associated with a higher emission, proportional to heating requirements (Kwiatkowska-300 

Szygulska et al., 2014).  301 

 302 

4.3. Stable isotope composition of sulphates in precipitation 303 

4.3.1. Origin of sulphur in sulphates 304 

The range of δ34S(SO4) values in precipitation observed during this study 305 

(2.8±0.9‰), is similar to the mean values reported earlier for short observation periods 306 

at the same or nearby locations in Central Europe between 1993 and 2005: (i) 3.3‰ in 307 

Lublin for 01/1979-12/1979 (Trembaczowski, 1991); (ii) 3.0‰ in Wrocław for 10/1993-308 

07/1995 (Jędrysek, 2000); (iii) 2.5±0.7‰ in Wrocław for 05/2004-05/2005 (Górka et al., 309 
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2008); (iv) 7.0±0.4 and 7.7±0.5‰ in Jezeří (Czech Republic) for 01/1994-04/1994 (Novák 310 

et al., 2000); (v) 4.9 ‰ in Freiberg (Germany) for 09/1997-07/1998 (Tichomirowa et al., 311 

2007); and (vi) 6.3‰ in Dresden (Germany) for 11/1997-06/1998 (Tichomirowa et al., 312 

2007). The δ34S(SO4) value observed in precipitation may reflect inputs from potentially 313 

six major S-sources (Fig. 5), characterised by a wide range of δ34S values: (i) biogenic 314 

sources derived from wetlands H2S oxidation, δ34S(SO2) -10 to 0‰ (Norman et al, 2004); 315 

(ii) volcanic gases, δ34S(SO2) ~2‰ as for Mount Etna, Italy (Liotta et al., 2012); (iii) sea 316 

spray δ34S(SO4) +21‰ (Norman et al, 2004); (iv) oil liquid fuels, δ34S(SO2/SO4) +4 to 317 

+8‰ (Norman et al, 2004); (v) Polish coal combustion, δ34S(bulk) –2.5 to 8.6‰ (Sinha et 318 

al, 2008); and (vi) German lignite δ34S(bulk) 4.7 to 11.9 ‰ (Sinha et al, 2008). However, 319 

in Central Europe, the contribution from natural S-sources on the regional scale could be 320 

negligible when compared with anthropogenic S-emissions, and it may not be reflected 321 

in the δ34S(SO4) values in precipitation. According to Simpson et al. (1999), the 322 

anthropogenic S-emission to the atmosphere in Poland (for 1994) was 1303 gG S/year, 323 

whereas the natural S-emission estimates (forest fires, DMS, volcanic emission) was only 324 

0.15 gG S/year (excluding sea-spray). This estimate of natural emissions does not 325 

include S-emissions from soils or from vegetation. However, this additional contribution 326 

could be as low as 0.25 gG S/year, when calculating based on the land area of Poland 327 

proportionally to the total S-emission of 8 gG S/year for the whole of Europe (Simpson et 328 

al., 1999). Therefore, even taking into consideration a possible ten-fold reduction in 329 

anthropogenic S-emission (paragraph 4.2) since the time of publication of the study by 330 

Simpson et al. (1999), all natural S-sources in Poland will contribute <0.3% 331 

[(0.25+0.15)/130*100% gG S/year]. Hence, the contribution from natural S-sources is so 332 

low that it will not influence δ34S signatures in the atmosphere in a measurable range. 333 
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The only potentially significant natural S-source not taken into account in this estimate 334 

could be marine sulphate delivered with precipitation. We cannot exclude this source 335 

completely, however, Wrocław is located 350 km from Baltic Sea coast >600 km from 336 

Adriatic and North Sea coasts and the sea spray contribution is likely to be close to zero 337 

(see 4.3.2 for estimates). Hence, the major S-source in the study area is anthropogenic 338 

sulphur from solid (mainly bituminous coal and lignite) combustion (Fig. 5). Thus, the 339 

stable isotope composition of δ34S(SO4) in precipitation will depend on: (i) primarily an 340 

initial δ34S in the fuel; (ii) possible stable isotope fractionation during combustion and 341 

eventual desulphurisation; and (iii) temperature-dependent isotope fractionations during 342 

the formation of SO4 from SO2. 343 

The bulk δ34S values reported for gasoline and diesel oil usually vary from +4 to 344 

+8‰ (Norman et al., 1999, 2004; 2006) and both exhaust products, SO2 and SO4, have 345 

similar δ34S values to the bulk sulphur in the fuel. The bulk stable sulphur isotope 346 

signature of solid fuels depends on the ratio between three major phases usually present 347 

in coal and lignites, such as organic/pyrite/sulphate, and their δ34S (Chmielewski et al., 348 

2002; Derda et al., 2006, Derda et al., 2007). According to Chmielewski et al. (2002), the 349 

Polish coals (bituminous and lignite) have negligible sulphate concentrations (<5%) and 350 

the majority of sulphur is bound into pyrite (50-70%) or present in organic forms (50-30%). 351 

The stable sulphur isotope mass balance and the original δ34S(organic) and δ34S(pyrite) 352 

data reported by Derda et al. (2006, 2007) for lignite and by Chmielewski et al. (2002) for 353 

coal have been used here to recalculate the total mean bulk δ34S values of the coals. 354 

Obtained  δ34S ranges were between -1 and +8‰ for  coal (bituminous coal) and between 355 

+2 and +15‰ for lignite.  356 
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Organic- or mineral-bound sulphur oxidation to SO2 during high temperature 357 

combustions does not cause stable isotope fractionation, and δ34S(SO2) directly reflects 358 

the stable isotope signature of bulk sulphur in the fuel (Derda et al. 2006 and 2007). 359 

However, the desulphurisation process may modify δ34S(SO2) in exhaust gases by ~-6‰. 360 

Derda et al. (2006 and 2007) reported an exhaust gas δ34S(SO2) value of +1.6‰ before 361 

desulphurisation and -4.0‰ after desulphurisation (=0.994) for the lignite-supplied 362 

Bełchatów power plant. By contrast, neither the heat nor the power stations (Wrocław 363 

and Czechnica) located in Wrocław city (Fig. 1) at the time of this study (2004-2009) were 364 

equipped with desulphurisation units but simply used a low sulphide coal to meet their 365 

government-regulated SO2 emission quotas. Therefore, the desulphurisation process 366 

may have impacted the regional δ34S(SO2) signature but not the signature of the direct 367 

local S-emission in Wrocław.  368 

 369 

[Figure 5 about here] 370 

 371 

In contrast to high temperature oxidation, the process of SO4(aq) formation from 372 

SO2(g) at the source of S-emission results in a temperature-dependent stable sulphur 373 

isotope fractionation, which is defined as 1000×ln(α) at a given temperature (T in Kelvins) 374 

by Equation 1 (fractionation factors are derived from the theoretical calculations of 375 

Eldridge et. al., 2016): 376 
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234

ln1000)ln(1000   (Eq. 1) 377 

where A = -11513318.97, B = -209276.66, C = 3967.91, D = -0.41, E = 1.00 are 378 

calculated from the polynomial fit of 34α in 50°C intervals. 379 



 

18 

 

 380 

Equation 1 can be solved (Fig. 6) for the known ranges of δ34S(SO4) signatures in 381 

precipitation and the assumed δ34S(SO2) signatures of potential S-sources. These relation 382 

has been theoretically validated for the range of temperatures between 0 and 2000°C 383 

(Eldridge et. al., 2016).  384 

The δ34S(SO2)g → δ34S(SO4)aq fractionation model (Eq. 1, Fig. 6) can be used 385 

from two different standpoints to test two hypothesis of SO4 origin in Wrocław precipitation 386 

and to calculate:  387 

(i) the temperature during SO4 formation, assuming SO2 is of anthropogenic 388 

origin and bulk δ34S of the combusted fuel is ranging from -1 to +8‰ for coal 389 

and from +2 and +15‰ for lignite (Hypothesis 1) 390 

(ii) the δ34S(SO2) signature, assuming SO2 of natural origin and the mean 391 

annual air temperature for Wrocław of 9°C (Hypothesis 2). 392 

 393 

Hypothesis 1 394 

The δ34S(SO4) is known, since it has been analysed in precipitation (0.3‰ to 5.4‰) 395 

over five years (Fig. 6, highlighted as observed on x-axis). As a starting point, the whole 396 

range of bulk δ34S(SO2) values reported for coals, lignite and liquid fuels was initially 397 

considered (-1 to +15‰). However, the model confirms that the range of possible δ34S 398 

values for SO2 sources should be further restricted. The grey area of the possible stable 399 

sulphur isotope compositions is restricted by the range of observed δ34S(SO4) values (-1 400 

to +15‰), the lowest δ34S in coal (-1‰) and assumed maximum temperature of SO2 401 

formation in power plants, <1600°C). As evident from Fig. 6, the maximum δ34S(SO2) 402 

cannot be higher than 4.4‰ if coal combustion is considered to be the dominant S-source 403 
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in the atmosphere [see Fig. 6: the line for the δ34S(SO2) value of 4.4‰ at the crossing 404 

point between δ34S(SO4) at 5.4‰ and temperature of 1600°C]. Considering this restricted 405 

range for δ34S(SO2) values (-1.0‰ to 4.4‰), the hypothetical mean minimum 406 

temperatures of SO4 formation will vary between 447C and 1362C (crossing point 407 

between 0.3 and 5.4‰ line for δ34S(SO4) at -1‰) and the assumed maximum of 1600C, 408 

typical for pulverized coal fired boilers (PCFB) used in heat and power/power plants (Chen 409 

et al., 2003). According to Eq. 1, higher temperatures of SO4 formation are accompanied 410 

by a lower stable isotope fractionation and respectively higher initial δ34S values for coal 411 

will return higher temperatures for the observed range of δ34S(SO4) (Fig. 6). Hence, the 412 

temperature range of 447-1362C should be seen as the minimum temperature for SO4 413 

formation and the actual temperatures can vary between 447 and 1600C and between 414 

1362 and 1600C, respectively, for the range of δ34S(SO4) values observed in the 415 

precipitation and δ34S in the fuel used (grey area in Fig 6.). The minimum temperature of 416 

SO4 formation for the mean δ34S(SO4) in precipitation (2.8‰) is 680C (line for mean on 417 

Fig. 6). Thus, a substantial amount of SO4 has been formed at high temperature, 418 

suggesting a primarily industrial origin.  419 

 420 

Hypothesis 2 421 

The model defined by Eq. 1 (Fig. 6) can also be used for a reverse calculation of 422 

the possible δ34S signatures of natural sources, assuming that the emitted SO2 will be 423 

transformed to SO4 at the local annual mean temperature of 9°C. In order to obtain the 424 

observed δ34S(SO4) values in precipitation (0.3 to 5.4‰) at 9°C, the δ34S(SO2) from 425 

natural sources would need to be between -31.3 and –36.4‰ (dotted curves on Fig. 6). 426 
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Such 34S-depleted isotopic compositions occur rarely and can be associated only with 427 

anaerobic microbial decomposition and oxidation of emitted H2S in extreme environments 428 

(Norman et al., 2004). As discussed above, the estimated emission from all natural 429 

sources in Poland is very low (<0.3%) when compared to the emissions from 430 

anthropogenic sources; therefore, even emissions from natural sources with these range 431 

of stable isotope compositions will be present these will not be detectable in the δ34S(SO4) 432 

of precipitation.  433 

 434 

4.3.2. Origin of oxygen in sulphates 435 

Weak positive correlations have been observed (Table SM-2): (i) between SO4 436 

concentration and δ18O(SO4) (R 0.24, p<0.002); and (ii) between δ18O(SO4) and 437 

δ18O(H2O) (R 0.27, p<0.001). By contrast, lack of statistically significant relationship 438 

between the local air temperature and δ18O(SO4) is noted. This lack of correlation with the 439 

air temperature is consistent with the conclusions drawn earlier by Andersson et al. (1992) 440 

that air temperature is not the major factor controlling δ18O(SO4). However, the observed 441 

correlation between δ18O(SO4) and δ18O(H2O) does not reveal a clear separation between 442 

primary (formed directly in a pollutant source before emission to the atmosphere) and 443 

secondary (homo or heterogenic) sulphates, as reported in earlier studies (Krouse and 444 

Grinenko, 1991; Jemieson and Wadleigh, 1999; Górka et al., 2008). Hence, the amount 445 

of primary and secondary sulphates has been calculated following a different approach, 446 

using an equation (Eq. 2) proposed by Holt et al., (1982) and assuming that the primary 447 

and secondary emissions dominate the atmospheric SO4 pool: 448 

 449 
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𝑥 ∙ 𝛿18𝑂𝑝 + (100 − 𝑥) ∙ 𝛿18𝑂𝑠 = 100 ∙ 𝛿18𝑂𝑎       (Eq. 2) 450 

 451 

where x is the fraction of the primary sulphates; δ18Op is the signature for primary 452 

sulphates assumed as ~40.0‰ - experimentally tested by Holt et al. (1982); δ18Os is the 453 

value of the secondary sulphates calculated according to the procedure of Holt et al. 454 

(1982) as an average value from two equations: (i) δ18Os = 0.7805·× δ18O(H2O) + 11.9250 455 

and (ii) δ18Os = 0.9988·× δ18O(H2O) + 8.1478; where δ18O(H2O) is the signature in the 456 

water molecules in precipitation and δ18Oa is the value observed in precipitation.  457 

The percentage of primary sulphate contribution calculated by applying Eq. 4 varies 458 

between a minimum of 9.7% (during summer, 29/05/2007) and maximum of 48.8% (during 459 

winter, 2/02/2009), indicating a different ratio between the two types of emission during 460 

the heating and non-heating seasons (Fig. 3C) (Table SM-1). These percentage 461 

contributions were recalculated, based on the measured SO4 concentrations in the 462 

respective precipitation samples, as the respective loads of SO4 (mg·dm-3) in precipitation 463 

originating from primary and secondary sulphates over the 5-year observation period (Fig. 464 

7). These estimates assume that anthropogenic emission is the only S-source in the 465 

atmosphere. As discussed in the paragraph 4.2.1, natural sources contribute only a 466 

negligible amount of sulphur when compared with anthropogenic emission, with the 467 

possible exception of marine sulphur delivered in sea spray. The possible marine–S 468 

contribution has been assessed based on the isotope mass balance using IsoSource 469 

software (Phillips and Gregg, 2003). The ranges of stable isotope signatures of the three 470 

considered SO4-sources were considered as follow: primary emission δ34S -1 to 4.4‰ (as 471 

calculated in Fig. 6) and δ18O from 35 to 40‰ (Holt et al, 1982); secondary emission δ34S 472 
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-1 to 6.2‰ (as calculated in Fig. 6) and δ18O from 5 to 15‰ (Holt et al, 1982); marine 473 

sulphates δ34S 21‰ and δ18O 8.6‰ and the range of signatures observed in the 474 

precipitation (δ34S 0.3 to 5.4‰ and δ18O 4.7 to 19.1‰, as in Tab. SM2). The stable isotope 475 

mass balance confirms that the contribution of marine-S was close to zero for the majority 476 

of the most probable δ34S and δ18O value combinations and observed in rain δ-values. 477 

Some sporadic events for rare combination of δ-values may had some marine contribution 478 

(in theory <30%) but actually these contributions are negligible. Sulphate concentrations 479 

originating from sea spray, as reported for pristine inland environments ~300 km for the 480 

ocean coast line (e.g., Dogramaci et al., 2017), are very low in the range <0.1mg dm-3. 481 

Considering that sulphate concentration in precipitation in Wrocław is usually at least 100 482 

times higher (>10 mg/L), the maximum expected contribution from sea spray will be 483 

<1.0%, having impact on the observed δ34S(SO4) in the range of analytical uncertainty 484 

~0.2‰ only. Hence, all observed in precipitation δ-values could be explained just by 485 

different proportion of sulphur originating from primary and secondary sulphates.  486 

 487 

[Figure 7 about here] 488 

 489 

The primary sulphate concentrations demonstrated seasonal cyclicity (Fig. 3C), with a 490 

maximum mean concentration of ~40% in the winter (heating season) and a minimum 491 

mean of ~10 % in the summer. A similar pattern was noted for aerosols sampled from 492 

1977–1978 in Argonne (Illinois, USA), but not for precipitation for which all results were 493 

characterised by a more or less constant and low primary sulphate contribution, ranging 494 

between 20 and 30% (Holt et al., 1982). In our opinion, the larger input of primary 495 

sulphates into the Wrocław atmosphere (especially in winter/heating period) than in 496 
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Argonne arises from the local heat and power stations (Wrocław and Czechnica – see 497 

Fig. 1). 498 

Consequently, the majority of sulphates in precipitation over the five-year 499 

observation in Wrocław (2004–2009) originated from secondary emissions (traffic and 500 

private heating), ranging from ~80% during the non-heating period to ~60% during the 501 

heating period. The primary emission was relatively low, at ~20% during the non-heating 502 

and ~40% during the heating periods. This suggests that other large-scale industrial 503 

emitters located outside of the city of Wrocław, such as copper smelters (Legnica and 504 

Głogów) or a lignite power plant (Turów) within 100–200 km distance, as well as other 505 

regional pollution sources, do not overwhelmingly contribute to the SO4 concentration in 506 

precipitation in Wrocław. The relative increase in primary emission from 20 to 40% during 507 

the heating period instead reflects increases in the local emissions from heating and 508 

power plants. At the same time, secondary emissions also show increases; however, the 509 

increase is proportionally less than the primary emission that reflects the overall increase 510 

in sulphates concentration.  511 

 512 

4.4. Temporal trends in sulphate concentrations and stable isotope compositions 513 

in precipitation 514 

The five-year record of δ34S(SO4) and δ18O(SO4) values in precipitation provides an 515 

opportunity for detection of seasonal as well as multiannual patterns, to reveal the 516 

temporary changes in relative contributions from different S-sources to atmospheric S-517 

pollution (Fig. 2 and 3). The observed δ34S(SO4) and δ18O(SO4) values display significant 518 

correlations with the SO4 concentrations (R -0.21 to 0.24, p<0.01) and δ18O(H2O) in 519 

precipitation (R 0.27, P<0.001). Significant correlations have also been observed between 520 
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air temperature and SO2 concentrations in air (R -0.53, p<0.001) and SO4 concentrations 521 

in precipitation (R -0.21 p<0.01) (Table SM-2), indicating environmental drivers for these 522 

relationships. However, these patterns are not constant across the entire observation 523 

period and inverse correlations have been observed for some periods, e.g. between 524 

Period I and Period II (Fig. 3A and 3B). Period I (winter 2005/2006) is characterised by 525 

the highest observed SO2 concentrations in air (max 149 μg m-3) and very high 526 

concentrations of SO4 in precipitation (50.4 mg dm-3). This is consistent with elevated 527 

emission of SO2 in Lower Silesia during exceptionally cold periods during winter 528 

2005/2006 and 2006/2007 (Kwiatkowska-Szygulska et al., 2014). However, both these 529 

concentrations are negatively correlated and the increase in SO2 is accompanied by a 530 

decrease in SO4 (R -0.29, p <0.19). This imbalance may suggest that the SO2 in air and 531 

the SO4 in precipitation often had different origins during Period I, and locally measured 532 

high SO2 concentrations in air do not reflect the SO4 concentrations in precipitation. In 533 

contrast, the much longer Period II (from 2007 to 2009, Fig. 3) is characterised by a similar 534 

fluctuation pattern in both concentrations, and the increase in SO2 is accompanied by a 535 

respective increase in SO4 (R 0.22 and p <0.05). This dependence seems to be more 536 

frequently in tandem and may suggest a similar origin for both SO2 and SO4, likely directly 537 

related to the local S-emission sources in Wrocław.  538 

 539 

[Figure 8 about here] 540 

 541 

The unusual pattern observed during the winter 2005/2006 also can be associated 542 

with unique weather conditions and a direct transfer of S-pollution from large-scale 543 

industrial emitters. The dominant direction of winds in Wrocław are W and S (Dubicki et 544 



 

25 

 

al., 2002). By contrast, on 26.10.2005 and 8.11.2005, according to our Hysplit analyses, 545 

the dominant direction was from W (Fig. 8A and 8B). This wind direction could result in a 546 

high deposition of SO4 originating from cooper smelters (Legnica and Głogów) or partially 547 

from large lignite power plants (Turów in Poland and others in Czech Republic and eastern 548 

Germany) in precipitation. Conversely, the highest SO2 concentration observed in 549 

precipitation on 14/01/2006 with winds from less common E and SE directions, may be 550 

partially derived from a large lignite power plant (Bełchatów), industry from the Opole 551 

Silesia region (Opole – large coal power plant) and/or Upper Silesia region (e.g. Jaworzno 552 

- large coal power plant) (Fig. 8C) rather than SO4 of local origin. Occasionally, similar 553 

patterns are also observed in the relative ratios between concentration of primary and 554 

secondary sulphates (Fig. 7). Large disproportional differences in primary and secondary 555 

sulphate concentrations in precipitation may indicate differences in the geographic origin 556 

of the sulphates. Elevated primary sulphate contributions suggest higher contributions 557 

from industrial sources located outside the city or proportionally higher emissions of SO2 558 

from local power plants (Holt et al., 1982).  559 

 560 

[Figure 9 about here] 561 

 562 

Following the relative changes in δ18O(SO4) and δ18O(H2O) trends, two more general 563 

temporal periods can be distinguished (Fig. 2B and 2C). Period III (2004-2006) is 564 

characterised by concordant changes in δ18O of sulphates and precipitation water. 565 

Therefore, sulphates during Period III are probably dominated by low-temperature 566 

secondary sulphates, with the possible exception of a few episodes from winter 567 

2005/2006, as previously discussed (Fig. 3A and 3B). On average, the contribution of 568 
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primary sulphates during the Period III reaches 27% (Fig. 7) and 73% for secondary 569 

sulphates. In contrast, during Period IV (2007-2009), the trends in δ18O(SO4) and 570 

δ18O(H2O) are inverse (Fig. 2B and 2C) and an increase in δ18O(SO4) is accompanied by 571 

a decrease in δ18O(H2O), and vice versa. The higher contributions of primary sulphates 572 

(29%, Fig. 7), compared to Period III, suggests a larger contribution by industrial high-573 

temperature S-sources of likely local origin, as confirmed by the SO2 versus SO4 574 

concentration relationship observed during the overlapping Period II (Fig. 3 A and 3B).  575 

Patterns and trends observed during periods #1-4, discussed above, contribute to a 576 

multiannual oscillation of monthly mean δ34S(SO4) values between 0.5 and 4.9‰ (Fig. 9). 577 

The range of this variation of more than ±2.0‰ around the 5-years monthly mean of 2.6‰ 578 

displays a unique temporal pattern. The period between May 2004 and November 2005 579 

had δ34S values around or below the 5-yr mean, followed by δ34S values above the 5-yr 580 

mean between December 2005 and January 2008 and then returning to values around or 581 

below the 5-yr mean between February 2008 and February 2009 (Fig. 9). The frequency 582 

of the observed oscillation is wider than the seasonal pattern, spanning approximately 583 

1.5-2.0 yr periods. This multiannual oscillation cannot be explained just by seasonal lows 584 

and highs in δ34S, associated with heating and non-heating periods that are usually 585 

reported in the literature. However, it could be linked with different levels of regional SO2 586 

emissions during different heating periods, proportional to the number of extremely cold 587 

days and heating requirements (Fig. 9). During the observation period two heating 588 

seasons (2005/06 and 2006/07) were particularly cold. Therefore, the total SO2 emission 589 

in Lower Silesia recorded in 2006 (68,000 Mg/yr) was 20 to 23% higher compared to 2004 590 

(56,000 Mg/yr) or 2009 (55,000 Mg/yr) (VIEP data after Kwiatkowska-Szygulska et al., 591 

2014). Although, it could be expected that this multiannual δ34S(SO4) pattern is associated 592 
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with changes in contributions from different S-sources, the actual cause is uncertain . 593 

Particularly, elevated δ34S values were not only observed during cold periods but also 594 

during the summer of 2006. This new evidence needs to be considered when analysing 595 

trends from short-term observations. 596 

 597 

Conclusions 598 

The case study presented here illustrates that multi- stable- H, O and S isotope 599 

analyses can provide qualitative and quantitative information about the origin of sulphur 600 

pollution in precipitation. In order to verify the origin of pollutants, it is important to 601 

understand the local stable isotope baseline, particularly the Local Meteoric Water Line 602 

(LMWL) and δ18O(H2O) in precipitation. The LMWL calculated for Wrocław is statistically 603 

significantly different from the LMWL for Kraków (Poland) but does not differ significantly 604 

from the LMWL for Vienna (Austria), reflecting the geographic locations and dominant 605 

atmospheric circulation patterns, even though these locations are within a ~300 km radius 606 

of Wrocław. This observation confirms the importance of obtaining LMWLs even at the 607 

regional scale and these LMWLs may improve our understanding of local hydrological and 608 

atmospheric processes.  609 

The statistically significant negative correlations between air temperature and SO2 610 

concentrations in air as well as for sulphate concentrations in precipitation confirm the 611 

relatively higher air pollution during colder weather, which can be directly linked with 612 

higher emissions during home heating periods. The monitoring of the stable sulphur 613 

isotope composition of sulphates in precipitation allows further determination of the S-614 

pollution sources, confirming that SO4 in precipitation originates from combustion at mean 615 

temperatures >680°C of fuels with δ34S signatures <4.4‰. The contributions to 616 
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precipitation from natural S-sources are negligible compared with anthropogenic S-617 

sources. In addition, the stable oxygen isotope composition of sulphates and precipitation 618 

water allows estimation of the primary sulphate contributions, which were always below 619 

49 % during the whole study period with a mean of ~20% during the non-heating and 620 

~40% during the heating periods. Despite this seasonal variation, a more general temporal 621 

trend has also been observed, where the mean primary sulphate contribution drifted from 622 

27.3% during 2004–2006 to 29.2% during 2007–2009. Moreover, the δ34S(SO4) in 623 

precipitation displays multi-seasonal oscillations with an amplitude of 2‰, on a 1.5 – 2 624 

year period, not previously reported. Hence, the initially observed trend (1993-95) of 625 

continuously increasing δ34S(SO4) values (Jędrysek, 2000) may reflect a larger scale 626 

multi-seasonal cycle associated with temporal changes in S-sources contribution to 627 

atmospheric SO4. The elevated regional SO2 emissions from the fossil fuel-combustion 628 

during heating periods may impact 34S(SO4) values in the precipitation also over 629 

subsequent non-heating periods. Specifically, 2005-2007 period of ~20% higher 630 

(comparing to 2008 and 2009) SO2 emissions in Lower Silesia coincides with ~3‰ higher 631 

34S(SO4). However, understanding of the origin of the observed oscillation remains 632 

limited and needs further investigation particularly in relation to SO2/SO4 retention time in 633 

the atmosphere. This new evidence from a 5-year long period needs to be considered 634 

when analysing trends from shorter-term observations. 635 
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 836 
 837 

Fig. 1. Location of the precipitation sampling station in Wroclaw, major power plants and other large S-emitters in the region; Voivodship 838 

Inspectorate for Environment Protection (VIEP) the state air quality monitoring station (SW Poland, 51º 07’N, 17º 02’E). 839 

 840 



 

39 

 

 841 
Fig. 2. Five-year records of precipitation monitoring in Wrocław (SW Poland): daily sum of precipitation (E) 842 

and its stable isotope composition δ2H(H2O) (D) and δ18O(H2O) (C), in comparison with precipitation 843 

sulphates isotope composition δ18O(SO4
2-) (B) and daily mean temperature (A). Bold lines are running 844 

averages (window width 7 for A-E). Periods III and IV as discussed in the paragraph 4.4. 845 
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 846 

 847 
Fig. 3. Five-year records of precipitation monitoring in Wrocław (SW Poland): daily mean SO2 848 

concentrations in air (A), daily mean SO4
2- concentration in precipitation (B), stable isotope compositions 849 

δ34S(SO4
2-) in precipitation (D) and daily sum of precipitation (E). The primary sulphates contribution (C) 850 

was calculated as per section 4.3.2. Bold lines are running averages (window width 7 for A-E). Periods I 851 

and II as discussed in the paragraph 4.4.  852 
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 853 

 854 
 855 

Fig. 4. Local Meteoric Water Line (LMWL) (A), and relationship between air temperature and δ18O(H2O) 856 

(B) over five-year period (2004-2009) in Wrocław (SW Poland). Each point represents the monthly 857 

volume-weighted mean precipitation calculated from high resolution sampling (see electronic 858 

supplementary materials Tab SM1). The linear regression equations were calculated using Reduced 859 

Major Axis (RMA), Ordinary Least Square Regression (OLSR) and monthly Precipitation Amount 860 

Weighted Least Squares Regression (PWLSR) following Hughes and Crawford, 2012. The slope of LMWL 861 

for Wrocław is statistically indifferent form Vienna (OLSR, δ2H= 7.28±0.06·δ18O + 0.11±0.65) and 862 

statistically different from Kraków (OLSR equation δ2H= 7.81±0.04·δ18O + 6.67±0.44). 863 
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 867 

 868 

Fig. 5. Relation between sulphates concentration and δ34S(SO4
2-) value in precipitation for all individual 869 

samples collected over five-year (2004-2009) in Wrocław (SW Poland) in comparison with the range of 870 

δ34S values of potential S-sources based on literature data. 871 
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 874 
 875 

Fig. 6. The stable isotope model (fractionation factors are derived from the theoretical calculations of 876 

Eldridge et. 2016) showing the range of the possible temperatures of sulphate formation for the range of 877 

observed δ34S(SO4) in precipitation and the assumed range of δ34S(SO2) from both bituminous coal and 878 

lignite (-1 to +15‰). Temperature of 1600°C (Chen et al., 2003) was considered as a maximum 879 

temperature of sulphates formation and for the range of SO4 values observed in precipitation determined 880 

4.4‰ as a the maximum possible δ34S value of the sulphur in coal. 881 
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 883 
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 885 

 886 
 887 

Fig. 7. Measured total concentration of sulphates and calculated relative contribution of primary/secondary 888 

sulphates in precipitation during five-year observation period (2004-2009) in Wrocław downtown. Note that 889 

all values are given as concentration of SO4 in precipitation and the total equals to sum of primary and 890 

secondary sulphate concentration. For a few periods with incomplete records only total is presented (a 891 

yellow bar). 892 
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 894 
Fig. 8. Vertically modelled transport 48 h back-trajectories for selected three precipitation events in 895 

Wrocław, ending at 00:00 UTC 26 October 2006 (A), at 00:00 UTC 8 November 2005 (B) and ending at 896 

00:00 UTC 14 January 2006 (C). Local time is UTC + 2 h. 897 
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 899 
Fig. 9. Temporal variations of the monthly precipitation volume-weighted mean δ34S(SO4

2-) values for five-900 

year observation period (2004 and 2009) in comparison with the total SO2 emission for Lower Silesia as 901 

recorded by VIEP (Kwiatkowska-Szygulska et al., 2014) and earlier presented value for short-term 902 

observation for 18-months period (1993-1994, Jedrysek 2000), Wrocław, SW Poland. Dashed line – mean 903 

value over the study period. Solid black line – 3 months running average. 904 
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