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Abstract. The Athabasca oil sands industry in northern Alberta, Canada is a possible source of 1 

polycyclic aromatic compounds (PACs).  Monitored PACs, including polycyclic aromatic 2 

hydrocarbons (PAHs), alkylated PAHs, and dibenzothiophenes (DBTs), in precipitation and in 3 

air at three near-source sites in the Fort MacKay and Fort McMurray area during January 2011 to 4 

May 2012 were used to generate a database of scavenging ratios (Wt) for PACs scavenged by 5 

both snow and rain.  Higher concentrations in precipitation and air were observed for alkylated 6 

PAHs and DBTs compared to the other PACs.  The sum of the median precipitation 7 

concentrations over the period of data analyzed was 0.48 µg/L for the eighteen PAHs, 3.38 µg/L 8 

for the twenty alkylated PAHs, and 0.94 µg/L for the five DBTs.  The sum of the median air 9 

concentrations for parent PAHs, alkylated PAHs, and DBTs were 8.37 ng/m3, 67.26 ng/m3, and 10 

11.83 ng/m3, respectively.     11 

Median Wt over the measurement period were 6100-1.1x106 from snow scavenging and 12 

350-2.3x105 from rain scavenging depending on the PAC species.  Median Wt for parent PAHs 13 

were within the range of those observed at other urban and suburban locations.  But Wt for 14 

acenaphthylene in snow samples was 2-7 times higher compared to other urban and suburban 15 

locations.  Wt for some individual snow and rain samples exceeded literature values by a factor 16 

of 10.  Wt for benzo(a)pyrene, dibenz(a,h)anthracene, and benzo(g,h,i)perylene in snow samples 17 

had reached 107, which is the maximum for PAH snow scavenging ratios reported in literature.  18 

From the analysis of data subsets, Wt for particulate-phase dominant PACs were 14-20 times 19 

greater than gas-phase dominant PACs in snow samples and 7-20 times greater than gas-phase 20 

dominant PACs in rain samples.  Wt from snow scavenging was ~9 times greater than rain 21 

scavenging for particulate-phase dominant PACs and 4-9.6 times greater than rain scavenging 22 

for gas-phase dominant PACs.  Gas-particle fractions of each PAC, particle size distributions of 23 
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particulate-phase dominant PACs, and Henry’s Law constant of gas-phase dominant PACs 24 

explained, to a large extent, the different Wt values among the different PACs and precipitation 25 

types.  The trend in Wt with increasing alkyl substitutions may be attributed to their physico-26 

chemical properties, such as octanol-air and particle partition coefficients and subcooled vapour 27 

pressure, which increases gas-particle partitioning and subsequently the particulate mass fraction.  28 

This study verified findings from a previous study of Wang et al. (2014) which suggested that 29 

snow scavenging is more efficient than rain scavenging of particles for equivalent precipitation 30 

amount, and also provided new knowledge on the scavenging of gas-phase PACs and alkylated 31 

PACs by snow and rain.  32 

 33 

1. Introduction 34 

Polycyclic aromatic compounds (PACs) are organic pollutants containing two or more 35 

benzene rings that are fused together and may contain additional ring structures.  They are 36 

typically further classified into polycyclic aromatic hydrocarbons (PAHs) and dibenzothiophenes 37 

(DBTs), which contain sulfur.  There are hundreds of PACs ranging from two ring chemical 38 

structures to over six rings.  Some PACs are substituted with functional groups, such as alkyl, 39 

amino, halogen and nitro groups (Boström et al., 2002).  The chemical and physical properties, 40 

such as vapor pressure and water solubility, as well as the bioaccumulation potential and toxicity 41 

of PACs vary with the structure of PACs including the number of rings, molecular weight, and 42 

chemical substitutions (Ravindra et al., 2008; CCME, 2010).  These properties play a role in 43 

atmospheric processes of PACs, their environmental fate, and impacts to animals and human 44 

health (Boström et al., 2002; Banger et al., 2010; Diggs et al., 2011; Muñoz and Albores, 2011).  45 

The probable human PAH carcinogens according to the USEPA are benz(a)anthracene, 46 

benzo(a)pyrene, benzo(b)fluoranthene, benzo(k)fluoranthene, chrysene, dibenz(a,h)anthracene, 47 
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and indeno(1,2,3-cd)pyrene (ATSDR, 2008).  In Canada, benzo(a)pyrene, benzo(b)fluoranthene, 48 

benzo(j)fluoranthene, benzo(k)fluoranthene, and indeno(1,2,3-cd)pyrene are the PAHs that may 49 

constitute a danger to human life or health under the Canadian Environmental Protection Act 50 

(CCME, 2010).  Abnormal physical and neurological development in infants has also been 51 

linked to prenatal exposure of PAHs (Perera et al., 2009).  Less is known about the cancer and 52 

other health risks of alkylated PAHs because of the limited toxicity data (Baird et al., 2007; 53 

Wickliffe et al., 2014).  Due to the potential toxic effects on animals and humans when exposed 54 

to PACs, it is necessary to quantify the deposition budget of PACs to terrestrial and aquatic 55 

ecosystems at local to regional scales. 56 

The Athabasca oil sands industry in northern Alberta, Canada is known to release 57 

significant amounts of PACs among other pollutants (Jautzy et al., 2013; Parajulee and Wania, 58 

2014).  While PAH emissions are ubiquitous among combustion and industrial sources, alkylated 59 

PAHs and DBTs are specifically found in crude oil deposits including bitumen and emissions 60 

from bitumen upgrading facilities as well as wood combustion emissions.  These pollutants have 61 

been observed in lakes, rivers, sediments, and snow cores in the Athabasca oil sands region 62 

(Kelly et al., 2009; Timoney and Lee, 2011, Jautzy et al., 2013; Kurek et al., 2013).  One of the 63 

major pathways for PACs to enter terrestrial and aquatic environments is via wet deposition.  In 64 

order to accurately estimate wet deposition, models need to account for the differences in 65 

scavenging efficiencies of gases and aerosols and various forms of precipitation (e.g. snow 66 

versus rain) for in-cloud and below-cloud scavenging processes.  Previous below-cloud aerosol 67 

scavenging studies found limited evidence that snow scavenging is likely more efficient than rain 68 

scavenging based on equivalent water content (Wang et al., 2014; Zhang et al., 2013).  These 69 

findings can be verified with field measurements from the Athabasca oil sands region by 70 
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determining scavenging ratios for PACs, including PAHs, alkylated PAHs, and DBTs.  71 

Furthermore, the investigation of precipitation scavenging efficiencies can now be extended to 72 

gaseous pollutants.   73 

The scavenging ratio is a simplified measure for analyzing wet deposition and is defined 74 

as the ratio of the concentration of a chemical in precipitation to that in air (Cousins et al., 1999).  75 

In literature, scavenging ratios were determined for radioactive particles, water vapor, sea salt, 76 

non-sea salt sulfate, nitrate, methanesulfonate, sodium, sulfur dioxide, particulate matter, 77 

carbonaceous aerosols, trace metals, PACs, and mercury (Barrie, 1985; Engelmann, 1971; Duce 78 

et al., 1991; Galloway et al., 1993; Guentzel et al., 1995; Franz and Eisenreich, 1998; Sakata and 79 

Asakura, 2007; He and Balasubramanian, 2009; Rothenberg et al., 2010; Hegg et al., 2011; 80 

Škrdlíková et al., 2011; Huang et al., 2013).  Scavenging ratios were compared with previous 81 

values obtained from other locations to gain insight into some of the factors (e.g., precipitation 82 

characteristics, scavenging efficiency, and changes in source emissions) that may explain the 83 

discrepancies in scavenging ratio values (Rothenberg et al., 2010; Hegg et al., 2011).  The 84 

relative scavenging efficiencies of PACs between rain and snow and between gas and particulate 85 

phases have also been compared based on their scavenging ratios (Franz and Eisenreich, 1998; 86 

Wania et al., 1999).  Gas and particulate scavenging ratios for PACs have also been used to 87 

estimate the relative contributions or importance of gas and particle scavenging to total wet 88 

deposition (He and Balasubramanian, 2009; Škrdlíková et al., 2011).  These studies have 89 

highlighted that the knowledge of precipitation scavenging of PACs is still very limited and that 90 

more research is needed to understand the factors affecting wet deposition in order to improve 91 

model wet deposition estimates. 92 
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The objective of the study is to compare wet scavenging of PACs at the oil sands sites to 93 

other locations using scavenging ratios and examine differences between snow and rain 94 

scavenging and between gas phase and particulate phase scavenging.  This involves generating a 95 

database of scavenging ratios for PACs.  The database could potentially be used in future wet 96 

deposition estimation using monitored surface air concentrations at locations where wet 97 

deposition is not monitored and will be detailed in a separate paper.   98 

 99 

2. Methods 100 

2.1 Data collection  101 

2.1.1 Description of sampling sites 102 

PACs in precipitation and air were sampled at three sites in the Athabasca oil sands 103 

region in northern Alberta, Canada, where large deposits of bitumen are mined.  The region is 104 

highly industrial because of the surface mining activities, oil sands production facilities, and 105 

industrial traffic.  The three sites, AMS5 (56°58’7.68"N, 111°28’55.2"W), AMS11 106 

(57°1’36.73"N, 111°30’2.7"W) and AMS13 (57°8’57.12"N, 111°38’32.64"W), are air sampling 107 

sites from an existing monitoring network operated by the Wood Buffalo Environmental 108 

Association (WBEA) and are within 30 km from each other (Fig. 1).  The sites are located along 109 

the Athabasca River near the Fort MacKay and Fort McMurray area and are near two upgraders, 110 

which process bitumen into synthetic crude oil.  The two upgraders emit PAHs directly to the 111 

atmosphere and in tailings and waste rock disposals (Environment Canada, 2012). 112 

 113 

2.1.2 Sampling procedures 114 
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Automated precipitation samplers (MIC Co., Thornhill, Ontario) were installed at the 115 

three sites.  The wet-only samplers automatically open when rain or snow activates a sensor and 116 

contains a heated funnel and heated compartment for the XAD-2 resin column.  Precipitation, 117 

including rain and snow, enters the heated funnel and through the XAD-2 column, where the 118 

dissolved and particulate PACs are collected, and then into a carboy to measure the precipitation 119 

volume.  The wet deposition sampler does not include a filter unit for separating the particulate 120 

phase from the dissolved phase in precipitation.  Therefore, both the dissolved and particulate 121 

PACs are collected on the XAD-2 column.  The wet sampler is also equipped with a U-shaped 122 

siphon on the XAD-2 column outlet that maintains water in the column at all times; thus 123 

preventing air exchange.  This is also minimized by covering the funnel where precipitation is 124 

collected except during precipitation events.  Sampling of precipitation was conducted on a 125 

monthly schedule.  The XAD-2 resin columns were shipped to the Canada Centre for Inland 126 

Waters (Environment Canada, Burlington, Ontario) for the determination of PACs in 127 

precipitation samples.   128 

Simultaneously, air samples were collected for 24 hours every 6 days at the three sites 129 

using a modified high-volume air sampler.  A vacuum pump draws in 700-1000 m3 of air 130 

through a Teflon-coated glass fibre filter (GFF) followed by a pair of polyurethane foam (PUF) 131 

plugs to collect both the particulate-bound and gas-phase PACs, respectively.  Two PUF plugs 132 

were implemented because of potential breakthrough of low molecular weight PACs.  Samples 133 

were wrapped in aluminum foil to reduce exposure to light and stored in a freezer at a 134 

temperature of -10°C or less prior to analysis.  Additional details on the sampling protocols are 135 

available in Harner et al. (2013).  Average air temperatures corresponding to the collection of 24-136 

hr air samples were also recorded. 137 
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 138 

2.1.3 Analytical procedures 139 

For the analysis of total PACs (dissolved and particulate phase) in precipitation, the 140 

XAD-2 resin was extracted in a clean room laboratory (HEPA and carbon filtered, positively 141 

pressured) by eluting first with acetone and then with dichloromethane (DCM).  Recovery 142 

standards of deuterated PAH and DBT surrogates are added prior to XAD-2 column elution.  The 143 

elution solvents are combined in a separatory funnel to separate the DCM phase.  The aqueous 144 

phase that has been separated from the DCM phase is re-extracted with DCM.  The DCM is back 145 

extracted with 3% sodium chloride solution then dried by pouring through a column of sodium 146 

sulfate. The DCM is evaporated to a small volume and exchanged into cyclohexane.  Prior to 147 

extraction of air samples, the GFFs and PUF plugs were spiked with a solution containing PAH 148 

and DBT surrogates. The GFF and PUF plug samples are then extracted by Soxhlet apparatus for 149 

a period of 16 to 20 hours with cyclohexane.  The raw extract is then filtered through sodium 150 

sulfate and concentrated to a volume of 3 to 5 ml by rotary evaporation at 45⁰C.   151 

The cyclohexane extracts were further processed by the Air Quality Research Division 152 

(AQRD) laboratory (Ottawa, Ontario).  The cyclohexane was fractionated on a silica column to 153 

separate aliphatic hydrocarbons (hexane elution) from PACs (elution with benzene).  The 154 

column was eluted with 5 ml of hexane, followed by 5 ml of benzene and the eluate is archived 155 

(aliphatic hydrocarbon fraction). The PACs were then eluted with two 5 ml aliquots of benzene 156 

into a calibrated centrifuge tube.  The PAC fraction (benzene fraction) was concentrated to less 157 

than 0.9 ml by UHP nitrogen.  After addition of the d10-fluoranthene internal standard, the 158 

purified sample extract is then brought to a known volume (typically 1.0 ml) using benzene.  The 159 

final purified extract was analyzed by GC-low resolution MS, which included an Agilent 6890N 160 
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or 7890A GC interfaced directly to Agilent 5973N, 5975 or 5975C mass selective detector.  The 161 

samples were analyzed for PAHs, DBTs, and their alkyl derivatives.  Some alkylated PAHs are 162 

reported as analyte groups because of co-elution and the vast amount of different congeners in 163 

the alkylated groups does not allow a more selective qualitative analysis.  Alkylated PAHs have 164 

many structural isomers that share the same ion fragments, and most of them cannot be identified 165 

individually unless individual standards are available to compare retention times or retention 166 

indexes.  There are many alkylated PAH standards available in the market, but they do not 167 

complete the full set of possible isomers that are found in complex samples like those from the 168 

oil sands.  The analytical procedures follow Environment Canada AQRD protocol 3.03/4.6/M 169 

(2009) and Sun et al. (2006). 170 

 171 

2.1.4 Quality control and quality assurance 172 

Field blanks were collected for air and precipitation samples.  The field blanks for the 173 

high-volume air samples, collected every 4-6 months at each of the three sites, consist of a clean 174 

GFF and a pair of PUF plugs that are placed in the sampler housing for the same duration as the 175 

samples without the vacuum pump turned on.  For precipitation samples, field blanks were 176 

collected by exposing the XAD-2 columns to the atmosphere for 3 to 5 minutes at the site.  One 177 

field blank was collected every month at a different site, which means a set of blanks for all sites 178 

were collected in a 4-month period.  Breakthrough tests were conducted on pairs of PUF plugs.  179 

The mass of naphthalene on the backup PUF was 59% ± 2% of the total mass on the pair of PUF 180 

plugs for air sampling volumes ranging from 595-810 m3 at 25⁰C.  However for most of the gas-181 

phase dominant PACs (e.g., sum of acenaphthylene, acenaphthene, fluorene, phenanthrene, 182 
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anthracene, and 2-methylfluorene), the average and standard deviation of the percent 183 

breakthrough was only 15% ± 7%.  Concentrations were blank corrected.  Surrogate standards 184 

were added to each sample, method blanks, and control samples as part of quality assurance of 185 

analytical procedures in the AQRD protocol 3.03/4.6/M (Environment Canada, 2009).  Surrogate 186 

recovery percentages for parent PACs are shown in Table 1.  Samples were corrected for 187 

surrogate recoveries if they were within 50-150%.  Parent PACs were used to calculate recovery 188 

percentages for alkylated PACs as well because deuterated alkyl PAC standards are not available 189 

from our laboratories.  Samples with surrogate recoveries beyond this range were excluded from 190 

the calculation of scavenging ratios.  Instrument detection limits and method detection limits for 191 

the target analytes in air samples ranged from 0.1 to 2 pg/µl injection and 4.0 to 839.7 ng/sample, 192 

respectively.  Method detection limits for the target analytes in precipitation samples were 193 

determined to be the same as the instrument detection limits, which ranged from 0.4 to 20 ng.  194 

 195 

2.2 Data analysis 196 

The scavenging of gaseous and particulate PACs by rain and snow have been studied 197 

using scavenging ratios, which is a simplified approach at examining the overall wet deposition 198 

process based only on the concentration of a chemical in precipitation to that in air.   199 

Total scavenging ratios (Wt) were determined for 43 PACs at three oil sands monitoring 200 

sites (AMS5, AMS11, and AMS13) from precipitation and high-volume air samples.  Air 201 

samples collected approximately every 6 days were averaged to correspond with the monthly 202 

precipitation samples collected between 2 January 2011 and 31 May 2012 (Supplementary 203 

Tables S1 and S2), which is the period of data analyzed in this study.  Ideally, monthly average 204 

concentrations should be obtained from daily air concentrations in a month; however, due to the 205 
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extensive costs, air sampling was only performed once every six days.  The uncertainties from 206 

this averaging approach should not be larger than the uncertainties caused by other sources (e.g., 207 

measurements itself and/or laboratory analysis).  In addition to a lack of data to link individual 208 

precipitation samples to individual air samples, scavenging ratios were not determined for every 209 

precipitation event because the shorter time scale can lead to large variability in the scavenging 210 

ratios (Barrie, 1985; Galloway et al., 1993).  For instance, the monthly average scavenging ratios 211 

can vary by a factor of 2-5, whereas the variability increases to an order of magnitude for daily 212 

scavenging ratios (Galloway et al., 1993).  In this study, the median scavenging ratios are based 213 

on the monthly scavenging ratios over the snowfall and rainfall periods (about 5-7 months) and 214 

should have smaller variability.   215 

Only the air samples with PAC concentrations > MDL were averaged, similar to the data 216 

selection criteria used by Škrdlíková et al. (2011).  The method detection limits (MDL) were 217 

established from the PAC air concentrations observed in field blanks: MDL = average (field 218 

blanks) + 3 x standard deviation (field blanks).  The total scavenging ratios were determined as 219 

follows (Škrdlíková et al., 2011): 220 

𝑊𝑡 =  
𝐶𝑝𝑝𝑝𝑝  �𝑛𝑛𝐿 � × 1000 ( 𝐿𝑚3)

𝐶𝑎𝑎𝑝 (𝑛𝑛𝑚3)
= 𝑊𝑝𝜑 +  𝑊𝑔(1− 𝜑) 

𝑊𝑝 =  𝐶𝑝𝑝𝑝𝑝,𝑝

𝐶𝑎𝑎𝑝,𝑝
   221 

𝑊𝑔 =  
𝐶𝑝𝑝𝑝𝑝,𝑑

𝐶𝑎𝑎𝑝,𝑔
 

 222 

Wt includes both the dissolved and particulate phase concentrations in precipitation and the gas 223 

and particulate phase concentrations in air and may also be determined if the particulate 224 
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scavenging ratio (Wp), gas scavenging ratio (Wg), and PAC particulate mass fraction in air (φ) 225 

are known.  Wp is determined from the particulate PAC concentration in precipitation (Cprec, p) 226 

and particulate concentration in air (Cair, p), while Wg is based on the dissolved PAC 227 

concentration in precipitation (Cprec, d) and gas-phase concentration in air (Cair, g).   228 

The total scavenging ratios were categorized into snow and rain samples.  Snow samples 229 

included precipitation sampling dates between 20 December and 1 April.  Rain samples included 230 

the precipitation sampling dates between 30 April and 30 November.  Total scavenging ratios 231 

were presented for snow and rain cases separately.  The scavenging ratio calculation excluded 232 

low precipitation samples (< 1.5 mm).   233 

Using the particulate PAC fractions in air measured every sixth day at the AMS5 site, the 234 

PACs were categorized into predominantly gas-phase (i.e. > 0.7 gas fraction) and particulate-235 

phase (> 0.7 particle fraction) PACs in order to analyze differences in the precipitation 236 

scavenging of gases and particles. There were 18 gas-phase PACs of lower molecular weight 237 

(128.2-222.0 g/mol) and 15 particulate-phase PACs of higher molecular weight (228.3-284.4 238 

g/mol).  The median particulate mass fraction of the gas-phase and particulate phase PACs were 239 

0.073 and 0.92, respectively.  Some of the PACs in Fig. 2 were not considered gas-phase 240 

dominant or particulate-phase dominant PACs because of a small difference between the gas and 241 

particle fractions.  They include fluoranthene, pyrene, retene, perylene, C2/C3/C4-242 

phenanthrene/anthracene, C1-fluoranthene/pyrene, and C3/C4-DBTs.  Fig. 2 illustrates the mean 243 

and variability in the particulate mass fractions for all PACs.  The variability could be due to 244 

vapor pressure of the PACs, air temperature, relative humidity, and chemical composition of 245 

particles because these parameters could affect gas-particle partitioning (Cousins et al., 1999; 246 

Hennigan et al., 2008).  Most of the particulate mass fractions (i.e., mean ± 1 standard deviation) 247 
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for the gas-phase dominant parent PAHs in Fig. 2 were below 0.3, which is the criterion used to 248 

categorize gas-phase dominant PACs.  For the particulate-phase dominant parent PAHs, most of 249 

the particulate mass fraction measurements were above the cut-off criterion of 0.7.  The 250 

particulate mass fractions measured at AMS5 are thought to be representative of those at AMS11 251 

and AMS13 because the sites are within 30 km of each other and they are all near-source sites 252 

(near bitumen extraction and upgrading facilities).  The temperatures ranged from -34.2⁰C to 253 

31.5⁰C at AMS5, -33.9⁰C to 31.2⁰C at AMS11, and -39.2⁰C to 32.8⁰C at AMS13, which are 254 

comparable.  The temperatures at AMS5 and AMS11 were almost the same, while AMS13 was 255 

slightly colder than the other two sites based on the mean, median, and minimum temperatures 256 

(Table 2).   257 

 258 

3. Results and Discussion 259 

3.1 General statistics and comparison with literature  260 

Total scavenging ratios were determined for 43 PACs at the three sites from precipitation 261 

and air concentrations.  The sum of the median precipitation and air concentrations for parent 262 

PAHs, alkylated PAHs, and DBTs at each of the three sites are shown in Fig. 3a and 3b.  Among 263 

the sites, the highest precipitation concentrations were observed for alkylated PAHs, followed by 264 

DBTs and then parent PAHs.  The sum of the median precipitation concentrations measured 265 

between January 2011 and May 2012 was 0.48 µg/L for PAHs, 3.38 µg/L for alkylated PAHs, 266 

and 0.94 µg/L for DBTs.  The PAHs that contributed the most to the total PAH concentration 267 

include chrysene, phenanthrene, and naphthalene.  C4-fluoranthene/pyrene contributed the most 268 

to the total alkylated PAHs, while C4-DBT contributed the most to the total DBTs.  The summed 269 

concentrations in snow samples were 9 to 13 times greater than those in rain samples.  A 270 
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comparison of the summed concentrations of parent PAHs, alkylated PAHs, and DBTs in snow 271 

and rain samples are illustrated in Fig. 3c.  The parent PAH concentrations in rainwater at the oil 272 

sands sites were higher than those at other suburban and rural locations (Franz and Eisenreich, 273 

1998, Birgül et al., 2011 and references therein; Škrdlíková et al., 2011).  The concentrations in 274 

snow were lower than those reported by Franz and Eisenreich (1998) and Wania et al. (1999) and 275 

at other urban locations (Birgül et al., 2011 and references therein).  The different sampling 276 

methods for snow may explain the lower parent PAH concentrations compared to those from 277 

previous studies (Franz and Eisenreich, 1998; Wania et al., 1999).  In previous studies, fresh 278 

snow was collected from the surface of snow packs, which could be exposed to both wet and dry 279 

deposition of PACs.  In contrast, snow was collected in a wet deposition sampler in this study, 280 

which might result in lower PAC concentrations compared to literature values.   281 

Air concentrations of alkylated PAHs were significantly higher than DBTs and parent 282 

PAHs at each of the three sites (Fig. 3b).  Overall, the sum of the median air concentrations for 283 

parent PAHs, alkylated PAHs, and DBTs were 8.37 ng/m3, 67.26 ng/m3, and 11.83 ng/m3, 284 

respectively.  The air concentrations of parent PAHs at the oil sands sites were within the range 285 

of those reported in literature (Franz and Eisenreich, 1998, Wania et al., 1999; He and 286 

Balasubramanian, 2009; Birgül et al., 2011 and references therein).  Among the parent PAHs, 287 

naphthalene and phenanthrene concentrations in air were the highest.  Elevated air 288 

concentrations were also observed for C3/C4-naphthalenes and C2/C3-DBTs.  Unlike 289 

precipitation, the air concentrations of PACs associated with snow samples were only slightly 290 

higher than associated with rain samples (Fig. 3c).   291 

 The median total scavenging ratios of parent PAHs for snow and rain scavenging were 292 

within the range of values reported in literature (Fig. 4), which typically ranged from 103 – 107 293 
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for snow scavenging (Franz and Eisenreich, 1998; Wania et al., 1999) and 102 – 106 for rain 294 

scavenging (He and Balasubramanian, 2009; Birgül et al., 2011; Škrdlíková et al., 2011).  The 295 

comparison with literature values applies mainly to parent PAHs due to a lack of literature values 296 

for alkylated PAHs and DBTs.  Two orders of magnitude difference in Wt was observed (8.3 x 297 

104 – 1.2 x 106) at a coastal-urban site in Singapore (He and Balasubramanian, 2009).  The 298 

median total scavenging ratios for PACs also varied by two orders of magnitude (4 x 102 – 3.1 x 299 

104) at a suburban location in the Czech Republic (Škrdlíková et al., 2011).  At an urban site in 300 

Turkey, the average total scavenging ratios for the gas and particle phases ranged from 8.52-8.97 301 

x 105 (Birgül et al., 2011).  Only the acenaphthylene snow scavenging ratio was 2 to 7 times 302 

higher at the oil sands sites than the snow scavenging ratios at other locations.   303 

When the individual snow and rain samples were analyzed (Supplementary Table S3), 304 

the snow scavenging ratio for a particular snow sample exceeded the literature values by an order 305 

of magnitude for acenaphthylene (March 2011 at AMS11 site), benzo(b+k)fluoranthene (March 306 

2011 at AMS5 site), benzo(a)pyrene (April 2011 at AMS5 site), dibenz(a,h)anthracene (March 307 

2011 at AMS5 site), benzo(g,h,i)perylene (April 2011 at AMS5 site), and 2-methylphenanthrene 308 

(February 2011 at AMS11 site).  Scavenging ratios of 107 were observed in some snow samples 309 

for benzo(a)pyrene, dibenz(a,h)anthracene, and benzo(g,h,i)perylene, which is the higher end for 310 

snow scavenging ratios reported in literature.  The scavenging ratio for a particular rain sample 311 

was an order of magnitude higher than literature values for naphthalene (May 2011 at AMS11 312 

site) and benzo(a)pyrene (Dec 2011 at AMS13 site). 313 

 314 

3.2 Snow scavenging of gas-phase dominant and particulate-phase dominant PACs  315 
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The scavenging ratios for snow samples were larger for particulate-phase than gas-phase 316 

PACs at the oil sands sites.  The median total snow scavenging ratios were 8.0 x 105 for 317 

particulate-phase PAHs and 6.7 x 104 for gas-phase PAHs, which were within those from 318 

previous studies (Fig. 4).  These results were in agreement with the strong relationship between 319 

LogWt and particulate mass fraction of PACs in air (Logφ) (Franz and Eisenreich, 1998; He and 320 

Balasubramanian, 2009).  According to the regression equation, larger φ or particulate-phase 321 

PACs have higher total scavenging ratios than lower φ (or gas-phase PACs).  Particulate-phase 322 

PACs tend to have higher molecular weights and lower vapor pressure and volatility.  Thus, they 323 

are more likely bound to particles.  The order of magnitude higher scavenging ratio in the 324 

individual snow sample for the higher molecular weight PACs at the oil sands sites was likely 325 

due to the efficient scavenging of particles by snow.  Furthermore, higher molecular weight 326 

PACs are typically associated with ultrafine and fine particles (He and Balasubramanian, 2009; 327 

Škrdlíková et al., 2011), which have larger scavenging coefficients than medium size particles 328 

(Zhang et al., 2013; Wang et al., 2014).  329 

Gas-phase dominant PACs, like acenaphthylene, have lower molecular weight and higher 330 

vapor pressures and therefore are more volatile.  However, a small mass fraction in particulate-331 

phase could increase its overall scavenging ratio (Wt) dramatically compared to the pure gas-332 

phase scavenging ratio (Wg) due to the much higher value of Wp than Wg in literature (Fig. 5a).  333 

Thus, this may be the reason for the higher snow scavenging ratio of acenaphthylene at the oil 334 

sands sites.  The more volatile PACs will likely partition to existing particles of various sizes 335 

including large particles (Franz and Eisenreich, 1998; He and Balasubramanian, 2009; 336 

Škrdlíková et al., 2011).  This typically results in a larger particulate scavenging ratio (Wp) for 337 

lower molecular weight PACs like acenaphthylene because large particles are scavenged more 338 
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efficiently by precipitation (Ligocki et al., 1985).  This is also supported by the higher semi-339 

empirical snow scavenging coefficients for large particles compared to medium size particles 340 

(Zhang et al., 2013; Wang et al., 2014).  In a previous study, the gas scavenging ratio (Wg) of 341 

acenaphthylene in snow was 385 times smaller than Wp in literature, resulting in a larger particle 342 

scavenging contribution (74%) to snow than gas scavenging (26%) (Franz and Eisenreich, 1998).  343 

In this study however, the concentration of acenaphthylene sorbed to particles in precipitation 344 

was not measured at the oil sands sites to estimate Wp and the contribution of particle 345 

scavenging of acenaphthylene to snow.   346 

 347 

3.3 Rain scavenging of gas-phase dominant and particulate-phase dominant PACs  348 

Similar to the snow scavenging results, the scavenging by rain was greater for particulate-349 

phase than gas-phase PACs by an order of magnitude.  The median Wt was 1.8 x 105 for 350 

particulate-phase PAHs and 1.1 x 104 for gas-phase PAHs.  The scavenging ratios were within 351 

those reported in literature, which ranged from 5100-1.2 x 106 for particulate-phase PAHs and 352 

450-2.8 x 105 for gas-phase PAHs (Fig. 4).  The larger Wt of particulate-phase PACs compared 353 

to gas-phase PACs was also consistent with the empirical relationship between LogWt and the 354 

particulate mass fraction of PACs in air (Logφ) (Franz and Eisenreich, 1998; He and 355 

Balasubramanian, 2009), similar to the result for snow.   356 

Although the gas-phase PACs have very low particulate mass fraction in air, Fig. 5b 357 

illustrates that the particulate scavenging ratios (Wp) can be 1-4 orders of magnitude larger than 358 

the theoretical and measured gas scavenging ratios (Wg) in literature.  Similar to snow 359 

scavenging, rain scavenging of particles containing gas-phase PACs contributed more than gas 360 

scavenging.  For particulate-phase PACs, Wp and Wg for both rain and snow scavenging were 361 
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more comparable in the literature (up to 1 order of magnitude difference, Fig. 5).  Thus, the 362 

particle scavenging contribution to snow and rain will dominate the gas scavenging contribution 363 

because of the larger particle fraction.  The data needed to determine Wp and Wg were not 364 

available at the oil sands sites to confirm literature findings and estimate the relative gas and 365 

particle scavenging contributions to rain.  In previous studies, the contributions of particle 366 

scavenging to rain were 99.41-99.99% for gas-phase PACs and 86.35-99.58% for particulate-367 

phase PACs (He and Balasubramanian, 2009).  In comparison, the contributions from gas 368 

scavenging were estimated to be up to 0.59% for gas-phase PACs and 13.7% for particulate-369 

phase PACs (He and Balasubramanian, 2009).  In a different study, the contribution of particle 370 

scavenging to rain by gas-phase PACs (17-59%) were lower than by particulate-phase PACs (97-371 

100%) (Škrdlíková et al., 2011).  Higher volatility PACs, such as acenaphthylene and 372 

anthracene, are likely associated with larger particles, whereas non-volatile PACs tend to be 373 

associated with smaller particles (Škrdlíková et al., 2011).  Based on the predicted scavenging 374 

coefficients for rain, the scavenging of very large particles (> 6 µm) is more efficient than fine 375 

and ultrafine particles (Wang et al., 2014).  376 

The higher scavenging ratio for naphthalene in the individual rain sample at the oil sands 377 

sites compared to literature must be attributed to gas scavenging, since φ = 0 for naphthalene 378 

resulting in Wt = Wg.  Gas scavenging can occur by dissolution of gaseous PACs to the surface 379 

of raindrops.  The gas scavenging ratio from the dissolution process (Wg,diss) depends on 380 

temperature-corrected Henry’s Law constant, temperature, and the universal gas constant (Franz 381 

and Eisenreich, 1998).  Another theory for gas scavenging is vapor adsorption to the surface of 382 

raindrops.  This scavenging ratio (Wg,ads) can be determined from the air-water interface 383 

coefficient and diameter of raindrops (Simcik, 2004; He and Balasubramanian, 2009).  However, 384 
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the theoretical Wg for naphthalene reported in literature was only 24.5 (Fig. 5b), which is 105 385 

times lower than the measured Wg in the individual rain sample at the oil sands sites.  The 386 

differences between measured Wg at the oil sands site and theoretical Wg in literature for 387 

naphthalene may be attributed to the different cloud and precipitation characteristics and are 388 

considered the major sources of uncertainties for precipitation scavenging (Galloway, 1993; 389 

Franz and Eisenreich, 1998). 390 

 391 

3.4 Comparison of PAC snow and rain scavenging processes 392 

Overall, the snow scavenging ratio of gas-phase and particulate-phase PACs were greater 393 

than that for rain scavenging.  Median total scavenging ratios over the period of data analyzed 394 

were 6100-1.1x106 from snow scavenging and 350-2.3x105 from rain scavenging depending on 395 

the PACs.  Since snowfall and rainfall intensities potentially affect precipitation scavenging, 396 

comparisons between snow and rain scavenging should be conducted between snow and rain 397 

samples associated with similar precipitation intensity (Zhang et al., 2013; Wang et al., 2014).  398 

Based on selected snow and rain events with similar precipitation rates (snow: 11.6-11.8 399 

mm/month, rain: 10.8-12.3 mm/month), the median snow and rain scavenging ratios for gas-400 

phase PACs were 1.2 x 105 and 8300, respectively.  The median snow scavenging ratios for 401 

particulate-phase PACs was 40 times greater than that for rain for similar precipitation rates 402 

(snow: 11.6-11.8 mm/month, rain: 10.8-12.3 mm/month).  For another set of snow and rain 403 

events (e.g, snow: 13.0-15.3 mm/month, rain: 13.2-16.5 mm/month) at a different oil sands site, 404 

the median snow scavenging ratio for particulate-phase PACs was only 2 times larger than that 405 

for rain.   406 
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Potential explanations for the efficient snow scavenging of gas-phase PACs have been 407 

proposed in previous studies.  Franz and Eisenreich (1998) had observed a stronger correlation 408 

between measured gas scavenging ratios and those calculated from gas scavenging by dissolution 409 

for snow events than rain events.  In this study, weak correlations were observed between 410 

temperature-corrected Henry’s Law constant (Pa m3/mol) based on experimental data (Mackay et 411 

al., 2006) and theoretical values (Reid et al., 2013) and the total snow (r = -0.36) and rain (r = -412 

0.20) scavenging ratios of gas-phase PACs, which suggest only minor influence of gas 413 

scavenging by dissolution.   A moderate correlation coefficient of 0.56 was found between 414 

temperature-corrected water solubility of gas-phase PACs and total rain scavenging ratios; 415 

however, no relationship was found for total snow scavenging ratios.  This further implies that 416 

there is another mechanism involved in the gas scavenging of gas-phase PACs besides the 417 

dissolution process or that particle scavenging makes a larger contribution to the total wet 418 

deposition of gas-phase PACs.   419 

Snow scavenging of gaseous PACs may be better modelled by surface or interfacial 420 

adsorption (Wg,ads).  Measured Log(Wg) were strongly correlated with theoretical Log(Wg,ads) 421 

for snow events, but not correlated in the rain events.  This indicates that interfacial adsorption 422 

likely occurred in the snow events (Franz and Eisenreich, 1998).  Wania et al. (1999) proposed 423 

that the scavenging of gas phase PACs likely occurred by adsorption to the air-ice interface 424 

because Wg was a strong function of both the partition coefficient for the air-ice interface and 425 

vapor pressure of the supercooled liquid.  It suggests that snow scavenging of gas-phase PACs is 426 

potentially the dominant scavenging process for lower molecular weight or predominantly gas-427 

phase PACs (Wania et al., 1999).  Compared to snow scavenging, rain scavenging of gas-phase 428 

PACs yielded much lower scavenging ratios in field and theoretical studies.  For gas phase 429 
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PACs, Wg derived from field measurements ranged from 160-3300, while the ranges for Wg due 430 

to dissolution and surface adsorption scavenging were only 24.3-710 and 0.2-21.4, respectively 431 

(Fig. 5b).  Thus, the scavenging of gas-phase PACs by surface adsorption is evidently much 432 

lower for rain than snow and may explain the difference in snow and rain scavenging ratios at 433 

the oil sands sites.   434 

Besides gas scavenging, gas-phase PACs typically have very large particulate scavenging 435 

ratios (Wp) because they are more likely to partition to particles.  For snow events, Wp of gas-436 

phase PACs can be 15-385 times larger than measured Wg in literature.  For rain events, Wp 437 

ranged from 5.5 x 103-2.7 x 107, while theoretical and measured Wg ranged from 25-3300 in 438 

literature.  Therefore, even though gas-phase PACs have very low particulate mass fraction in 439 

air, the particle scavenging contribution to snow and rain can still be important because Wp can 440 

be much greater than the Wg.  Furthermore, the snow samples are associated with lower air 441 

temperatures, which may increase the partitioning of gas-phase PACs to the particulate phase 442 

(Pankow, 1991; Cousins et al., 1999).  The average and standard deviation of the air 443 

temperatures corresponding to snow and rain samples in this study were -8.6±7.2 ⁰C and 8.9±8.6 444 

⁰C, respectively, with an average temperature difference of 17.5 ⁰C.  As shown in Fig. 2, the 445 

average particulate mass fraction corresponding to snow samples were 2.5-4 times higher than 446 

those of rain samples for phenanthrene and anthracene.  The combination of higher Wp and 447 

particulate mass fraction would yield higher total snow scavenging ratios.  Particulate mass 448 

fractions for alkylated fluorenes, DBT, and C1/C2-DBTs during cold temperatures were also 449 

higher.  Almost no differences in the particulate mass fractions between snow and rain samples 450 

were observed for the other parent gas-phase dominant PAHs.   451 
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Particle scavenging ratios for PACs in snow events were also observed to be larger than 452 

rain events.  Average Wp ranged from 105-106 for the snow events and 103-104 for the rain event 453 

for particulate-phase PACs (Franz and Eisenreich, 1998).  Snow is more efficient than rain at 454 

scavenging particles because of its larger surface area (Franz and Eisenreich, 1998).  The relative 455 

scavenging efficiencies between snow and rain depend on particle sizes and precipitation 456 

intensity (Wang et al., 2014).  For particulate-phase PACs which are likely associated with 457 

ultrafine and fine particles, the snow scavenging coefficient is predicted to be ~10 times larger 458 

than the rain scavenging coefficient at low precipitation rates (Wang et al., 2014).  The 459 

temperature dependence of the particulate mass fractions can also explain the larger total 460 

scavenging ratios for snow than those for rain.  The average particulate mass fractions associated 461 

with snow samples were 1-14% higher than in rain samples among the particulate-phase 462 

dominant PACs (Fig. 2).  This is likely because at lower temperatures the vapor pressures of 463 

PACs in the particulate phase would be even lower, which causes them to remain bounded to 464 

particles.   465 

 466 

3.5 Role of alkylation and PAC physico-chemical properties on snow and rain scavenging 467 

Alkylated naphthalenes, fluorenes, phenanthrenes/anthracenes, fluoranthenes/pyrenes, 468 

benz(a)anthracenes/triphenylenes/chrysenes, and DBTs were measured at the three oil sands 469 

sites.  For most of these PACs except for naphthalenes, total snow and rain scavenging ratios 470 

increased with the degree of alkylation (Fig. 6).  These trends appeared to have some relationship 471 

with their physico-chemical properties, such as Henry’s Law constant, octanol-air partition 472 

coefficient (Koa), subcooled vapor pressure (p0
L), water solubility, and particulate mass fraction 473 

(φ) and gas-particle partition coefficient (Kp), obtained from Reid et al. (2013).  Snow and rain 474 
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Wt for parent naphthalene were much higher than those of alkylated napthalenes.  With an 475 

increase in alkylation, snow and rain Wt decreased.  This trend is consistent with the increase in 476 

Henry’s Law constant (Pa m3/mol), which leads to lower gas scavenging by dissolution (Franz 477 

and Eisenreich, 1998).  This is further supported by the decrease in water solubility with increase 478 

alkyl substitutions.  The large decrease in water solubility from parent naphthalene to C1 479 

naphthalene is also reflected in the Wt.   480 

The other physico-chemical properties play a more prominent role in the precipitation 481 

scavenging of other alkylated PACs.  For fluorenes and alkylated phenanthrenes/anthracenes, 482 

snow and rain Wt increased with alkylation.  This trend is consistent with an increase in Koa, φ, 483 

and Kp as the number of alkyl substitutions increase.  These physico-chemical properties are 484 

related to gas-particle partitioning (Pankow, 1994; Harner and Bidleman, 1998), which leads to a 485 

larger particulate mass fraction and thus, higher Wt.  The large increase in Koa from C3 to C4 486 

fluorene corresponds to the large increase in Wt.  p0
L is another physical property affecting gas-487 

particle partitioning (Pankow, 1994), but is also related to snow scavenging of gas-phase PACs 488 

by interfacial adsorption.  As p0
L decreases with alkyl substitutions, the interfacial adsorption 489 

coefficient (Kia) increases (Franz and Eisenreich, 1998).  This results in higher contribution of 490 

gas scavenging by snow to the total scavenging ratio.  The physico-chemical properties that have 491 

the most influence on the precipitation scavenging of alkylated fluoranthenes/pyrenes and 492 

benz(a)anthracenes/triphenylenes/chrysenes are φ and Kp because these are particulate-phase 493 

dominant PACs.  Thus, particle scavenging contributions will dominate the total wet deposition 494 

of these PACs.  φ and Kp are predicted to increase with alkylation.  The increase in Wt with 495 

alkyl substitutions is likely attributed to the increase in particulate mass fraction.  For DBTs, the 496 

degree of alkylation increased with the rain Wt, but did not have a large effect on snow Wt.  The 497 



24 
 

trend in the rain Wt is consistent with the increase in Koa, φ, and Kp, which are properties 498 

affecting gas-particle partitioning.  The decrease in p0
L with increasing alkyl substitutions should 499 

result in an increase in gas scavenging by snow (due to adsorption on the air-ice interface); 500 

however, this was not reflected in the snow Wt. 501 

 502 

3.6 Uncertainties in snow and rain scavenging 503 

The ratio of the maximum to minimum Wt was used to estimate the uncertainties for 504 

snow and rain events with similar amounts of precipitation.  The median Wt uncertainties among 505 

gas-phase PACs were a factor of 3.6 for snow scavenging and 1.9 for rain scavenging (Fig. 7a). 506 

The uncertainties from gas scavenging by snow can be very large as shown in the estimated Wg 507 

for the interfacial adsorption process (103 to 1010, Franz and Eisenreich, 1998).  Field 508 

measurements of Wg can also be 0.43-20 times greater than the theoretical Wg for snow 509 

scavenging (Franz and Eisenreich, 1998).  There are several factors that can contribute to the 510 

uncertainties of measured Wg, such as the higher than expected dissolved concentration of gas-511 

phase PACs due to the presence of colloids in the filtrate (Franz and Eisenreich, 1998; He and 512 

Balasubramanian, 2009) and the repartitioning of dissolved PAHs to particles in snowmelt 513 

(Wania et al., 1999).  The unfiltered submicron particles in the filtrate led to a measured Wg that 514 

was 100 times larger than the theoretical estimate (Poster and Baker, 1995a, b).  The Wg 515 

estimated by Wania et al. (1999), which accounts for the repartitioning of dissolved PAHs to 516 

particles, were 2-5 times higher than those measured by Franz and Eisenreich (1998) for the 517 

same set of snow events.  The adsorption of gas-phase PACs to the snow surface could also be 518 

enhanced by the presence of an organic layer (Franz and Eisenreich, 1998).  Differences in the 519 

snow and rain properties are also contributing factors to the gas scavenging uncertainties.  These 520 
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data were not available in this study to assess their effects on the total scavenging ratio 521 

uncertainties. 522 

Gas-phase PACs partitions to particulate matter depending on temperature, which affects 523 

the particulate mass fraction and subsequently, the total scavenging ratio.  The snow events in 524 

Fig. 7a not only have similar precipitation amounts, but are also associated with similar air 525 

temperatures in order to minimize the temperature and gas-particle partitioning effects on the 526 

uncertainties of Wt.  Rain events associated with similar air temperatures were also used in Fig. 527 

7a.  Despite analyzing precipitation events with similar air temperatures, particulate mass 528 

fraction differed by a factor of 1.6 and 1.5 (median among gas-phase PACs) for the snow and 529 

rain events, respectively.  This may be due to other factors affecting the particle partitioning of 530 

gas-phase PACs (e.g., aerosol water content and chemical composition).  When precipitation 531 

events with equivalent precipitation amounts but different air temperatures were examined, 532 

uncertainties in the total scavenging ratio increased (Fig. 7b).  The median Wt uncertainties 533 

among gas-phase PACs rose to a factor of 6.6 for snow events and 2.5 for rain events (Fig. 7a 534 

and 7b).  This temperature effect on the uncertainties of the Wt is also supported by the larger 535 

difference in the particulate mass fraction. 536 

The uncertainties in snow scavenging of particulate-phase PACs were larger than those 537 

for rain scavenging as shown in the range of scavenging ratios for snow and rain events with 538 

similar precipitation rates (Fig. 7c).  The Wt uncertainties for snow and rain events were up to 539 

10 and 7.7, respectively, which were within the range of semi-empirical scavenging coefficients.  540 

For small particles (<0.01 µm) which particulate-phase PACs are typically bound to, Zhang et al. 541 

(2013) predicted that the range of scavenging coefficients are up to two orders of magnitude for 542 

snow and one order of magnitude for rain.  Measurements are needed to confirm the particle size 543 
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distribution of particulate-phase PACs because scavenging coefficient uncertainties for medium 544 

size particles are predicted to be at least a factor of 10 larger than small and large particles 545 

(Zhang et al., 2013).  Aside from particle sizes, the variability and uncertainties in the 546 

scavenging ratios could be due to the properties of snow and raindrops, such as snow shape and 547 

size of raindrops (Zhang et al., 2013).  For example in snow, the porosity of snowflakes and 548 

dendrites is considered effective for capturing small particles while allowing air to pass through 549 

(Franz and Eisenreich, 1998). 550 

 551 

3.7 Limitations and uncertainties of scavenging ratios 552 

As discussed in the last section, particle size distribution and snow and rain 553 

characteristics may contribute to the uncertainties in precipitation scavenging of PACs.  The 554 

scavenging ratio parameter itself also has limitations and uncertainties due to the 555 

oversimplification of the precipitation scavenging process.  The large variability in the total 556 

scavenging ratios (e.g., 4-5 order of magnitude range for PACs) may be attributed to numerous 557 

factors, such as particle size distribution, droplet sizes, cloud and precipitation type, and air mass 558 

trajectories (Duce et al., 1991; Galloway et al., 1993), which were not determined at the oil sands 559 

sites.  To minimize variability, an average of a number of scavenging ratios should be 560 

determined over a longer time period instead of individual precipitation events (Duce et al., 561 

1991; Galloway et al., 1993).  In this study, the majority of the results were based on the median 562 

scavenging ratios from at least 14-15 monthly snow and rain samples.  The scavenging ratio 563 

concept also assumes that the air concentrations measured near the surface are representative of 564 

the concentrations in the cloud, where in-cloud scavenging may occur.   565 

 566 

4. Conclusions 567 
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A database of scavenging ratios was developed for the 43 PACs monitored in air and 568 

precipitation samples at the Athabasca oil sands region.  Overall, the median total scavenging 569 

ratios of most PACs, except for acenaphthylene, were within the range of scavenging ratios 570 

reported in literature.  Total scavenging ratios for some individual snow and rain samples 571 

exceeded literature values by a factor of 10.  In some cases, snow scavenging ratios of 107 were 572 

observed for benzo(a)pyrene, dibenz(a,h)anthracene, and benzo(g,h,i)perylene, which is 573 

considered the upper limit for PAH scavenging ratios reported in literature.  The large range in 574 

scavenging ratios associated with samples of similar precipitation amounts implies the large 575 

natural variability and/or uncertainties in precipitation scavenging processes.  Total snow and 576 

rain scavenging ratios increased with the number of alkyl substitutions for some PACs, which 577 

were consistent with the trends in their physico-chemical properties, such as subcooled vapour 578 

pressure and octanol-air and particle partition coefficients.  Henry’s Law constant and water 579 

solubility might play a role in the decrease in snow and rain scavenging ratios for naphthalene 580 

with increase alkyl substitutions. 581 

The database of scavenging ratios was also separated into subgroups to investigate the 582 

relative importance of gas and particle scavenging by snow and rain.  It was found that snow 583 

scavenging is around 10 times more efficient (in terms of the scavenging ratio values) than rain 584 

scavenging for both particulate-phase dominant and gas-phase dominant PACs.  It was also 585 

found that scavenging of particulate-phase dominant PACs is 5 to 10 times more efficient than 586 

scavenging of gas-phase dominant PACs under both rain and snow conditions.  These findings 587 

suggest that snow scavenging of particulate-phase PACs should contribute significantly to the 588 

total wet deposition of PACs in this region.   589 
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The database of PAC scavenging ratios (Supplementary Table S3) could be used in future 590 

studies to predict the wet deposition flux at passive air monitoring sites in the Athabasca oil 591 

sands region.  The total wet deposition flux is defined as the product of the total scavenging 592 

ratio, total air concentration, and precipitation rate (Duce et al., 1991; Sakata and Asakura, 593 

2007).  Although the uncertainties can be large because the factors affecting precipitation 594 

scavenging can vary with location, it may be a reasonable approach to provide a first-order 595 

estimation of wet deposition using the scavenging ratio concept.  Detailed deposition budget of 596 

all the monitored PACs at the passive air monitoring sites will be investigated in a separate 597 

study.  598 
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Fig. 1: Precipitation and air monitoring sites in the Athabasca oil sands region. 753 

Fig. 2: Average particulate mass fractions for gas-phase and particulate-phase dominant PACs in 754 

snow and rain samples.  PHE_AN = phenanthrenes/anthracenes, DBT = 755 

dibenzothiophene, FLT_PYR = fluoranthenes/pyrenes, BTC = benz(a)anthracenes/ 756 

triphenylenes/chrysenes. 757 

Fig. 3: Sum of the median concentrations for parent PAHs, alkylated PAHs, and 758 

dibenzothiophenes (DBTs) in (a) precipitation and (b) air.  Comparison of the 759 

precipitation and air concentrations for snow and rain samples are shown in (c). 760 

Fig. 4: Comparison of total scavenging ratios (Wt) for snow and rain from this study and 761 

literature (Wania et al., 1999; He and Balasubramanian, 2009; Škrdlíková et al., 2011).  762 

PHE_AN = phenanthrenes/anthracenes. 763 

Fig. 5: Particle and gas scavenging ratios for (a) snow and (b) rain obtained from literature 764 

(Franz and Eisenreich, 1998; Wania et al., 1999; He and Balasubramanian, 2009; Birgül 765 

et al., 2011; Škrdlíková et al., 2011).  PHE_AN = phenanthrenes/anthracenes. 766 

Fig. 6: Effect of alkylation on total scavenging ratios (Wt) for snow and rain. PHE_AN = 767 

phenanthrenes/anthracenes, FLT_PYR = fluoranthenes/pyrenes, BTC = 768 

benz(a)anthracenes/triphenylenes/chrysenes, DBT = dibenzothiophene. 769 

Fig. 7: Range of total scavenging ratios (Wt) in snow and rain samples with (a) similar 770 

precipitation rates and air temperatures, (b) similar precipitation rates but different air 771 

temperatures, (c) same as (a) but for particulate PACs.  Note the use of log scale for Wt, 772 

which indicates the range of Wt for snow is much larger than what is shown on the 773 

graph.  P = monthly precipitation; T = air temperature.  FLT/PY = fluoranthene/pyrene; 774 

BTC = benz(a)anthracene/triphenylene/chrysene. 775 
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Table 1: Percent recoveries for deuterated PAC surrogates 776 

Deuterated PAC surrogates Air Precipitation 
d8-naphthalene 68.6 ± 9.9 46.5 ± 15.5 
d8-acenaphthylene 73.1 ± 17.6 54.2 ± 16.5 
d10-acenaphthene 76.1 ± 10.1 55.0 ± 17.3 
d10-fluorene 90.5 ± 20.0 61.8 ± 16.2 
d10-phenanthrene 86.6 ± 9.8 71.3 ± 19.5 
d10-anthracene 80.4 ± 12.9 64.0 ± 20.6 
d10-pyrene 92.4 ± 9.3 77.8 ± 20.6 
d12-benz(a)anthracene 102.3 ± 13.9 92.8 ± 28.4 
d12-chrysene 92.7 ± 9.8 77.2 ± 17.8 
d12-benzo(b)fluoranthene 100.7 ± 11.3 90.6 ± 18.4 
d12-benzo(a)pyrene 97.6 ± 15.0 81.3 ± 26.9 
d12-perylene 98.4 ± 15.8 80.3 ± 21.6 
d12-indeno(1,2,3-cd)pyrene 108.2 ± 15.9 92.3 ± 25.3 
d14-dibenz(a,h)anthracene 105.8 ± 11.6 92.3 ± 25.9 
d12-benzo(ghi)perylene 101.2 ± 10.4 87.2 ± 22.8 
d8-dibenzothiophene 56.7 ± 20.1 58.8 ± 17.9 

 777 

 778 

  779 
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Table 2: Statistics for air temperatures and precipitation amount at the AMS5, AMS11, AMS13 780 
sites in the Athabasca oil sands region.  Hourly air temperatures were obtained from the Clean 781 
Air Strategic Alliance (CASA) Data Warehouse website.  782 

 783 

  Air temperature (⁰C)   Precipitation amount (mm) 
  AMS5 AMS11 AMS13   AMS5 AMS11 AMS13 
Mean 4.6 4.5 2.9 

 
17.9 14.3 18.2 

Median 6.2 6.1 3.6 
 

12.0 8.3 13.1 
Standard deviation 12.4 12.8 13.6 

 
17.5 15.1 21.0 

Min -34.2 -33.9 -39.2 
 

0.2 0.0 1.4 
Max 31.5 31.2 32.8   75.5 62.5 93.8 

 784 
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