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Abstract. The Athabasca oil sands industry in northern Al-

berta, Canada, is a possible source of polycyclic aromatic

compounds (PACs). Monitored PACs, including polycyclic

aromatic hydrocarbons (PAHs), alkylated PAHs, and diben-

zothiophenes (DBTs), in precipitation and in air at three near-

source sites in the Fort MacKay and Fort McMurray area

during January 2011 to May 2012, were used to generate a

database of scavenging ratios (Wt) for PACs scavenged by

both snow and rain. Higher concentrations in precipitation

and air were observed for alkylated PAHs and DBTs com-

pared to the other PACs. The sums of the median precipi-

tation concentrations over the period of data analyzed were

0.48 µ g L−1 for the 18 PAHs, 3.38 µ g L−1 for the 20 alky-

lated PAHs, and 0.94 µ g L−1 for the 5 DBTs. The sums of the

median air concentrations for parent PAHs, alkylated PAHs,

and DBTs were 8.37, 67.26, and 11.83 ng m−3, respectively.

Median Wt over the measurement period were 6100−

1.1× 106 from snow scavenging and 350− 2.3× 105 from

rain scavenging depending on the PAC species. Median Wt

for parent PAHs were within the range of those observed

at other urban and suburban locations, but Wt for acenaph-

thylene in snow samples were 2–7 times higher compared

to other urban and suburban locations. Wt for some individ-

ual snow and rain samples exceeded literature values by a

factor of 10. Wt for benzo(a)pyrene, dibenz(a,h)anthracene,

and benzo(g,h, i)perylene in snow samples had reached 107,

which is the maximum for PAH snow scavenging ratios re-

ported in the literature. From the analysis of data subsets,

Wt for particulate-phase dominant PACs were 14–20 times

greater than gas-phase dominant PACs in snow samples and

7–20 times greater than gas-phase dominant PACs in rain

samples. Wt from snow scavenging were ∼ 9 times greater

than from rain scavenging for particulate-phase dominant

PACs and 4–9.6 times greater than from rain scavenging

for gas-phase dominant PACs. Gas-particle fractions of each

PAC, particle size distributions of particulate-phase dominant

PACs, and the Henry’s law constant of gas-phase dominant

PACs explained, to a large extent, the different Wt values

among the different PACs and precipitation types. The trend

in Wt with increasing alkyl substitutions may be attributed

to their physico-chemical properties, such as octanol–air and

particle partition coefficients and subcooled vapor pressure,

which increases gas-particle partitioning and, subsequently,

the particulate mass fraction. This study verified findings

from a previous study of Wang et al. (2014) that suggested

that snow scavenging is more efficient than rain scaveng-

ing of particles for equivalent precipitation amounts, and

also provided new knowledge of the scavenging of gas-phase

PACs and alkylated PACs by snow and rain.
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1 Introduction

Polycyclic aromatic compounds (PACs) are organic pollu-

tants containing two or more benzene rings that are fused

together and may contain additional ring structures. They

are typically further classified into polycyclic aromatic

hydrocarbons (PAHs) and dibenzothiophenes (DBTs),

which contain sulfur. There are hundreds of PACs ranging

from two-ring chemical structures to over six rings. Some

PACs are substituted with functional groups, such as alkyl,

amino, halogen and nitro groups (Boström et al., 2002).

The chemical and physical properties, such as vapor pres-

sure and water solubility, as well as the bioaccumulation

potential and toxicity of PACs, vary with the structure of

PACs, including the number of rings, molecular weight,

and chemical substitutions (Ravindra et al., 2008; CCME,

2010). These properties play a role in atmospheric processes

of PACs, their environmental fate, and impacts on animals

and human health (Boström et al., 2002; Banger et al., 2010;

Diggs et al., 2011; Muñoz and Albores, 2011). The probable

human PAH carcinogens according to the USEPA are

benz(a)anthracene, benzo(a)pyrene, benzo(b)fluoranthene,

benzo(k)fluoranthene, chrysene, dibenz(a,h)anthracene,

and indeno(1,2,3− cd)pyrene (ATSDR, 2008).

In Canada, benzo(a)pyrene, benzo(b)fluoranthene,

benzo(j )fluoranthene, benzo(k)fluoranthene, and

indeno(1,2,3− cd)pyrene are the PAHs that may con-

stitute a danger to human life or health under the Canadian

Environmental Protection Act (CCME, 2010). Abnormal

physical and neurological development in infants has also

been linked to prenatal exposure to PAHs (Perera et al.,

2009). Less is known about the cancer and other health risks

of alkylated PAHs because of the limited toxicity data (Baird

et al., 2007; Wickliffe et al., 2014). Due to the potential

toxic effects on animals and humans when exposed to PACs,

it is necessary to quantify the deposition budget of PACs to

terrestrial and aquatic ecosystems on local to regional scales.

The Athabasca oil sands industry in northern Alberta,

Canada, is known to release significant amounts of PACs,

among other pollutants (Jautzy et al., 2013; Parajulee and

Wania, 2014). While PAH emissions are ubiquitous among

combustion and industrial sources, alkylated PAHs and

DBTs are specifically found in crude oil deposits includ-

ing bitumen and emissions from bitumen upgrading facil-

ities as well as wood combustion emissions. These pollu-

tants have been observed in lakes, rivers, sediments, and

snow cores in the Athabasca oil sands region (Kelly et al.,

2009; Timoney and Lee, 2011; Jautzy et al., 2013; Kurek

et al., 2013). One of the major pathways for PACs to en-

ter terrestrial and aquatic environments is via wet deposi-

tion. In order to estimate wet deposition accurately, models

need to account for the differences in scavenging efficien-

cies of gases and aerosols and various forms of precipitation

(e.g., snow vs. rain) for in-cloud and below-cloud scavenging

processes. Previous below-cloud aerosol scavenging studies

found limited evidence that snow scavenging is likely more

efficient than rain scavenging based on equivalent water con-

tent (Wang et al., 2014; Zhang et al., 2013). These findings

can be verified with field measurements from the Athabasca

oil sands region by determining scavenging ratios for PACs,

including PAHs, alkylated PAHs, and DBTs. Furthermore,

the investigation of precipitation scavenging efficiencies can

now be extended to gaseous pollutants.

The scavenging ratio is a simplified measure for analyz-

ing wet deposition and is defined as the ratio of the concen-

tration of a chemical in precipitation to that in air (Cousins

et al., 1999). In the literature, scavenging ratios were deter-

mined for radioactive particles, water vapor, sea salt, non-sea

salt sulfate, nitrate, methanesulfonate, sodium, sulfur diox-

ide, particulate matter, carbonaceous aerosols, trace metals,

PACs, and mercury (Barrie, 1985; Engelmann, 1971; Duce

et al., 1991; Galloway et al., 1993; Guentzel et al., 1995;

Franz and Eisenreich, 1998; Sakata and Asakura, 2007; He

and Balasubramanian, 2009; Rothenberg et al., 2010; Hegg et

al., 2011; Škrdlíková et al., 2011; Huang et al., 2013). Scav-

enging ratios were compared with previous values obtained

from other locations to gain insight into some of the factors

(e.g., precipitation characteristics, scavenging efficiency, and

changes in source emissions) that may explain the discrep-

ancies in scavenging ratio values (Rothenberg et al., 2010;

Hegg et al., 2011). The relative scavenging efficiencies of

PACs between rain and snow and between gas and particulate

phases have also been compared based on their scavenging

ratios (Franz and Eisenreich, 1998; Wania et al., 1999). Gas

and particulate scavenging ratios for PACs have also been

used to estimate the relative contributions or importance of

gas and particle scavenging to total wet deposition (He and

Balasubramanian, 2009; Škrdlíková et al., 2011). These stud-

ies have highlighted the facts that the knowledge of precipi-

tation scavenging of PACs is still very limited and that more

research is needed to understand the factors affecting wet de-

position in order to improve model wet deposition estimates.

The objective of the study is to compare wet scavenging

of PACs at the oil sands sites to other locations using scav-

enging ratios and to examine differences between snow and

rain scavenging and between gas-phase and particulate-phase

scavenging. This involves generating a database of scaveng-

ing ratios for PACs. The database could potentially be used

in future wet deposition estimation using monitored surface

air concentrations at locations where wet deposition is not

monitored and will be detailed in a separate paper.
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2 Methods

2.1 Data collection

2.1.1 Description of sampling sites

PACs in precipitation and air were sampled at three

sites in the Athabasca oil sands region in northern Al-

berta, Canada, where large deposits of bitumen are mined.

The region is highly industrial because of the surface

mining activities, oil sands production facilities, and in-

dustrial traffic. The three sites, AMS5 (56◦58′7.68′′ N,

111◦28′55.2′′W), AMS11 (57◦1′36.73′′ N, 111◦30′2.7′′W)

and AMS13 (57◦8′57.12′′ N, 111◦38′32.64′′W), are air sam-

pling sites from an existing monitoring network operated by

the Wood Buffalo Environmental Association (WBEA) and

are within 30 km from each other (Fig. 1). The sites are lo-

cated along the Athabasca River near the Fort MacKay and

Fort McMurray area and are near two upgraders, which pro-

cess bitumen into synthetic crude oil. The two upgraders emit

PAHs directly into the atmosphere and in tailings and waste

rock disposals (Environment Canada, 2012).

2.1.2 Sampling procedures

Automated precipitation samplers (MIC Co., Thornhill, On-

tario) were installed at the three sites. The wet-only sam-

plers automatically open when rain or snow activates a sen-

sor and contain a heated funnel and heated compartment for

the XAD-2 resin column. Precipitation, including rain and

snow, enters the heated funnel and through the XAD-2 col-

umn, where the dissolved and particulate PACs are collected,

and then into a carboy to measure the precipitation volume.

The wet deposition sampler does not include a filter unit for

separating the particulate phase from the dissolved phase in

precipitation. Therefore, both the dissolved and particulate

PACs are collected on the XAD-2 column. The wet sampler

is also equipped with a U-shaped siphon on the XAD-2 col-

umn outlet that maintains water in the column at all times,

thus preventing air exchange. This is also minimized by cov-

ering the funnel where precipitation is collected except dur-

ing precipitation events. Sampling of precipitation was con-

ducted on a monthly schedule. The XAD-2 resin columns

were shipped to the Canada Centre for Inland Waters (Envi-

ronment Canada, Burlington, Ontario) for the determination

of PACs in precipitation samples.

Simultaneously, air samples were collected for 24 h ev-

ery 6 days at the three sites using a modified high-volume

air sampler. A vacuum pump draws in 700–1000 m3 of

air through a Teflon-coated glass fiber filter (GFF) fol-

lowed by a pair of polyurethane foam (PUF) plugs to col-

lect both the particulate-bound and gas-phase PACs, respec-

tively. Two PUF plugs were implemented because of poten-

tial breakthrough of low molecular weight PACs. Samples

were wrapped in aluminum foil to reduce exposure to light

Map data ©2015 Google 

Map data ©2015 Google 

Figure 1. Precipitation and air monitoring sites in the Athabasca oil

sands region.

and stored in a freezer at a temperature of −10 ◦C or less

prior to analysis. Additional details on the sampling proto-

cols are available in Harner et al. (2013). Average air tem-

peratures corresponding to the collection of 24 h air samples

were also recorded.

2.1.3 Analytical procedures

For the analysis of total PACs (dissolved and particulate

phase) in precipitation, the XAD-2 resin was extracted in

a clean room laboratory (HEPA and carbon filtered, posi-

tively pressured) by eluting first with acetone and then with

dichloromethane (DCM). Recovery standards of deuterated

PAH and DBT surrogates are added prior to XAD-2 column

elution. The elution solvents are combined in a separatory

funnel to separate the DCM phase. The aqueous phase that

has been separated from the DCM phase is re-extracted with

DCM. The DCM is back extracted with 3 % sodium chlo-

ride solution and then dried by pouring through a column of

sodium sulfate. The DCM is evaporated to a small volume

and exchanged into cyclohexane. Prior to extraction of air

samples, the GFFs and PUF plugs were spiked with a solu-

tion containing PAH and DBT surrogates. The GFF and PUF

plug samples are then extracted by a Soxhlet apparatus for a

period of 16 to 20 h with cyclohexane. The raw extract is then

filtered through sodium sulfate and concentrated to a volume

of 3 to 5 mL by rotary evaporation at 45 ◦C.

The cyclohexane extracts were further processed by the

Air Quality Research Division (AQRD) laboratory (Ottawa,

www.atmos-chem-phys.net/15/1421/2015/ Atmos. Chem. Phys., 15, 1421–1434, 2015
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Ontario). The cyclohexane was fractionated on a silica col-

umn to separate aliphatic hydrocarbons (hexane elution)

from PACs (elution with benzene). The column was eluted

with 5 mL of hexane, followed by 5 mL of benzene, and the

eluate is archived (aliphatic hydrocarbon fraction). The PACs

were then eluted with two 5 mL aliquots of benzene into a

calibrated centrifuge tube. The PAC fraction (benzene frac-

tion) was concentrated to less than 0.9 ml by UHP nitrogen.

After addition of the d10-fluoranthene internal standard, the

purified sample extract is then brought to a known volume

(typically 1.0 mL) using benzene. The final purified extract

was analyzed by gas chromatography (GC) low-resolution

MS, which included an Agilent 6890N or 7890A GC inter-

faced directly to the Agilent 5973N, 5975 or 5975C mass

selective detector. The samples were analyzed for PAHs,

DBTs, and their alkyl derivatives. Some alkylated PAHs are

reported as analyte groups because of co-elution, and the

vast number of different congeners in the alkylated groups

does not allow a more selective qualitative analysis. Alky-

lated PAHs have many structural isomers that share the same

ion fragments, and most of them cannot be identified indi-

vidually unless individual standards are available to compare

retention times or retention indexes. There are many alky-

lated PAH standards available on the market, but they do not

complete the full set of possible isomers that are found in

complex samples like those from the oil sands. The analyti-

cal procedures follow Environment Canada AQRD protocol

3.03/4.6/M (2009) and Sun et al. (2006).

2.1.4 Quality control and quality assurance

Field blanks were collected for air and precipitation samples.

The field blanks for the high-volume air samples, collected

every 4–6 months at each of the three sites, consist of a clean

GFF and a pair of PUF plugs that are placed in the sampler

housing for the same duration as the samples without the vac-

uum pump turned on. For precipitation samples, field blanks

were collected by exposing the XAD-2 columns to the atmo-

sphere for 3 to 5 min at the site. One field blank was collected

every month at a different site, which means that a set of

blanks for all sites were collected in a 4 month period. Break-

through tests were conducted on pairs of PUF plugs. The

mass of naphthalene on the backup PUF was 59±2% of the

total mass on the pair of PUF plugs for air sampling volumes

ranging from 595 to 810 m3 at 25 ◦C. However, for most

of the gas-phase dominant PACs (e.g., the sum of acenaph-

thylene, acenaphthene, fluorene, phenanthrene, anthracene,

and 2-methylfluorene), the average and standard deviation

of the percent breakthrough were only 15± 7%. Concentra-

tions were blank corrected. Surrogate standards were added

to each sample, method blanks, and control samples as part of

quality assurance of analytical procedures in AQRD protocol

3.03/4.6/M (Environment Canada, 2009). Surrogate recovery

percentages for parent PACs are shown in Table 1. Samples

were corrected for surrogate recoveries if they were within

Table 1. Percent recoveries for deuterated PAC surrogates

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

50–150 %. Parent PACs were used to calculate recovery per-

centages for alkylated PACs as well because deuterated alkyl

PAC standards are not available from our laboratories. Sam-

ples with surrogate recoveries beyond this range were ex-

cluded from the calculation of scavenging ratios. Instrument

detection limits and method detection limits for the target an-

alytes in air samples ranged from 0.1 to 2 pg µ L−1 injection

and 4.0 to 839.7 ng/sample, respectively. Method detection

limits for the target analytes in precipitation samples were

determined to be the same as the instrument detection limits,

which ranged from 0.4 to 20 ng.

2.2 Data analysis

The scavenging of gaseous and particulate PACs by rain and

snow has been studied using scavenging ratios, which is a

simplified approach to examining the overall wet deposition

process based only on the concentration of a chemical in pre-

cipitation to that in air.

Total scavenging ratios (Wt) were determined for 43 PACs

at 3 oil sands monitoring sites (AMS5, AMS11, and AMS13)

from precipitation and high-volume air samples. Air samples

collected approximately every 6 days were averaged to cor-

respond to the monthly precipitation samples collected be-

tween 2 January 2011 and 31 May 2012 (Tables S1 and S2

in the Supplement), which is the period of data analyzed in

this study. Ideally, monthly average concentrations should be

obtained from daily air concentrations in a month; however,

due to the extensive costs, air sampling was only performed

once every 6 days. The uncertainties from this averaging ap-

proach should not be larger than the uncertainties caused by

other sources (e.g., measurements themselves and/or labora-

tory analysis). In addition to a lack of data to link individual

precipitation samples to individual air samples, scavenging

ratios were not determined for every precipitation event, be-
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cause the shorter timescale can lead to large variability in the

scavenging ratios (Barrie, 1985; Galloway et al., 1993). For

instance, the monthly average scavenging ratios can vary by

a factor of 2–5, whereas the variability increases to an order

of magnitude for daily scavenging ratios (Galloway et al.,

1993). In this study, the median scavenging ratios are based

on the monthly scavenging ratios over the snowfall and rain-

fall periods (about 5–7 months) and should have smaller vari-

ability.

Only the air samples with PAC concentrations greater than

MDL were averaged, similar to the data selection criteria

used by Škrdlíková et al. (2011). The method detection lim-

its (MDL) were established from the PAC air concentrations

observed in field blanks: MDL= average (field blanks)+ 3 x

standard deviation (field blanks). The total scavenging ratios

were determined as follows (Škrdlíková et al., 2011):

Wt =
Cprec

(
ngL−1

)
× 1000

(
Lm−3

)
Cair

(
ngm−3

) =Wpϕ+Wg(1−ϕ),

(1)

Wp =
Cprec,p

Cair,p

, (2)

Wg =
Cprec,d

Cair,g

. (3)

Wt includes both the dissolved- and particulate-phase con-

centrations in precipitation and the gas- and particulate-phase

concentrations in air, and may also be determined if the par-

ticulate scavenging ratio (Wp), gas scavenging ratio (Wg),

and PAC particulate mass fraction in air (ϕ) are known. Wp

is determined from the particulate PAC concentration in pre-

cipitation (Cprec,p) and the particulate concentration in air

(Cair,p), while Wg is based on the dissolved PAC concentra-

tion in precipitation (Cprec,d) and the gas-phase concentration

in air (Cair,g).

The total scavenging ratios were categorized into snow

and rain samples. Snow samples included precipitation sam-

pling dates between 20 December and 1 April. Rain samples

included the precipitation sampling dates between 30 April

and 30 November. Total scavenging ratios were presented for

snow and rain cases separately. The scavenging ratio calcu-

lation excluded low precipitation samples (< 1.5 mm).

Using the particulate PAC fractions in air measured ev-

ery sixth day at the AMS5 site, the PACs were catego-

rized into predominantly gas-phase (i.e., 1-ϕ > 0.7 gas frac-

tion) and particulate-phase (ϕ > 0.7 particle fraction) PACs

in order to analyze differences in the precipitation scaveng-

ing of gases and particles. There were 18 gas-phase PACs

of lower molecular weight (128.2–222.0 g mol−1) and 15

particulate-phase PACs of higher molecular weight (228.3–

284.4 g mol−1). The median particulate mass fractions of

the gas-phase and particulate-phase PACs were 0.073 and

0.92, respectively. Some of the PACs in Fig. 2 were not

considered gas-phase dominant or particulate-phase domi-
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Figure 2. Average particulate mass fractions for gas-

phase and particulate-phase dominant PACs in snow

and rain samples. PHE_AN= phenanthrenes/anthracenes,

DBT= dibenzothiophene, FLT_PYR=fluoranthenes/pyrenes,

BTC= benz(a)anthracenes/triphenylenes/chrysenes.

nant PACs because of a small difference between the gas

and particle fractions. They include fluoranthene, pyrene,

retene, perylene, C2/C3/C4-phenanthrene/anthracene, C1-

fluoranthene/pyrene, and C3/C4-DBTs. Fig. 2 illustrates the

mean and variability in the particulate mass fractions for all

PACs. The variability could be due to vapor pressure of the

PACs, air temperature, relative humidity, and chemical com-

position of particles because these parameters could affect

gas-particle partitioning (Cousins et al., 1999; Hennigan et

al., 2008). Most of the particulate mass fractions (i.e., mean

±1 standard deviation) for the gas-phase dominant parent

PAHs in Fig. 2 were below 0.3, which is the criterion used

to categorize gas-phase dominant PACs. For the particulate-

phase dominant parent PAHs, most of the particulate mass

fraction measurements were above the cut-off criterion of

0.7. The particulate mass fractions measured at AMS5 are

thought to be representative of those at AMS11 and AMS13

because the sites are within 30 km of each other and they

are all near-source sites (near bitumen extraction and up-

grading facilities). The temperatures ranged from −34.2 to

31.5 ◦C at AMS5, −33.9 to 31.2 ◦C at AMS11, and −39.2

to 32.8 ◦C at AMS13, which are comparable. The temper-

atures at AMS5 and AMS11 were almost the same, while

AMS13 was slightly colder than the other two sites based on

the mean, median, and minimum temperatures (Table 2).

3 Results and discussion

3.1 General statistics and comparison with literature

Total scavenging ratios were determined for 43 PACs at the

three sites from precipitation and air concentrations. The

sums of the median precipitation and air concentrations for

parent PAHs, alkylated PAHs, and DBTs at each of the three

sites are shown in Fig. 3a and b. Among the sites, the high-

est precipitation concentrations were observed for alkylated

PAHs, followed by DBTs and then parent PAHs. The sums of

the median precipitation concentrations measured between
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Table 2. Statistics for air temperatures and precipitation amount at the AMS5, AMS11, and AMS13 sites in the Athabasca oil sands region.

Hourly air temperatures were obtained from the Clean Air Strategic Alliance (CASA) Data Warehouse website.

Air temperature (◦C) 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

January 2011 and May 2012 were 0.48µ g L−1 for PAHs,

3.38µ g L−1 for alkylated PAHs, and 0.94µ g L−1 for DBTs.

The PAHs that contributed the most to the total PAH concen-

tration include chrysene, phenanthrene, and naphthalene. C4-

fluoranthene/pyrene contributed the most to the total alky-

lated PAHs, while C4-DBT contributed the most to the total

DBTs. The summed concentrations in snow samples were 9

to 13 times greater than those in rain samples. A compari-

son of the summed concentrations of parent PAHs, alkylated

PAHs, and DBTs in snow and rain samples are illustrated in

Fig. 3c. The parent PAH concentrations in rainwater at the oil

sands sites were higher than those at other suburban and ru-

ral locations (Franz and Eisenreich, 1998; Birgül et al., 2011,

and references therein; Škrdlíková et al., 2011). The concen-

trations in snow were lower than those reported by Franz and

Eisenreich (1998) and Wania et al. (1999) and at other urban

locations (Birgül et al., 2011, and references therein). The

different sampling methods for snow may explain the lower

parent PAH concentrations compared to those from previous

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

previous studies, fresh snow was collected from the surface

of snow packs, which could be exposed to both wet and dry

deposition of PACs. In contrast, snow was collected in a wet

deposition sampler in this study, which might result in lower

PAC concentrations compared to literature values.

Air concentrations of alkylated PAHs were significantly

higher than DBTs and parent PAHs at each of the three sites

(Fig. 3b). Overall, the sums of the median air concentra-

tions for parent PAHs, alkylated PAHs, and DBTs were 8.37,

67.26, and 11.83 ng m−3, respectively. The air concentrations

of parent PAHs at the oil sands sites were within the range of

those reported in the literature (Franz and Eisenreich, 1998;

Wania et al., 1999; He and Balasubramanian, 2009; Birgül et

al., 2011, and references therein). Among the parent PAHs,

naphthalene and phenanthrene concentrations in air were the

highest. Elevated air concentrations were also observed for

C3/C4-naphthalenes and C2/C3-DBTs. Unlike precipitation,

the air concentrations of PACs associated with snow sam-

ples were only slightly higher than those associated with rain

samples (Fig. 3c).

The median total scavenging ratios of parent PAHs for

snow and rain scavenging were within the range of values

reported in the literature (Fig. 4), which typically ranged

from 103 to 107 for snow scavenging (Franz and Eisenreich,

1998; Wania et al., 1999) and from 102 to 106 for rain scav-

enging (He and Balasubramanian, 2009; Birgül et al., 2011;

Škrdlíková et al., 2011). The comparison with literature val-

ues applies mainly to parent PAHs due to a lack of literature

values for alkylated PAHs and DBTs. Two orders of magni-

tude difference in Wt were observed (8.3×104–1.2×106) at

a coastal-urban site in Singapore (He and Balasubramanian,

2009). The median total scavenging ratios for PACs also var-

ied by 2 orders of magnitude (4× 102–3.1× 104) at a subur-

ban location in the Czech Republic (Škrdlíková et al., 2011).

At an urban site in Turkey, the average total scavenging ra-

tios for the gas and particle phases ranged from 8.52× 105

to 8.97× 105 (Birgül et al., 2011). Only the acenaphthylene

snow scavenging ratios were 2–7 times higher at the oil sands

sites than the snow scavenging ratios at other locations.

When the individual snow and rain samples were ana-

lyzed (Table S3), the snow scavenging ratio for a partic-

ular snow sample exceeded the literature values by an or-

der of magnitude for acenaphthylene (March 2011 at the

AMS11 site), benzo(b+ k) fluoranthene (March 2011 at

the AMS5 site), benzo(a)pyrene (April 2011 at the AMS5

site), dibenz(a,h)anthracene (March 2011 at the AMS5 site),

benzo(g,h, i)perylene (April 2011 at the AMS5 site), and

2-methylphenanthrene (February 2011 at the AMS11 site).

Scavenging ratios of 107 were observed in some snow

samples for benzo(a)pyrene, dibenz(a,h)anthracene, and

benzo(g,h, i)perylene, which is the higher end for snow

scavenging ratios reported in the literature. The scavenging

ratio for a particular rain sample was an order of magnitude

higher than literature values for naphthalene (May 2011 at

the AMS11 site) and benzo(a)pyrene (December 2011 at the

AMS13 site).

3.2 Snow scavenging of gas-phase dominant and

particulate-phase dominant PACs

The scavenging ratios for snow samples were larger for

particulate-phase than gas-phase PACs at the oil sands sites.

The median total snow scavenging ratios were 8.0× 105 for

particulate-phase PAHs and 6.7× 104 for gas-phase PAHs,
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Figure 3. Sum of the median concentrations for parent PAHs, alky-

lated PAHs, and dibenzothiophenes (DBTs) in (a) precipitation and

(b) air. Comparisons of the precipitation and air concentrations for

snow and rain samples are shown in (c).

which were within those from previous studies (Fig. 4).

These results were in agreement with the strong relationship

between LogWt and the particulate mass fraction of PACs in

air (Logϕ) (Franz and Eisenreich, 1998; He and Balasubra-

manian, 2009). According to the regression equation, larger

ϕ or particulate-phase PACs have higher total scavenging

ratios than lower ϕ (or gas-phase PACs). Particulate-phase

PACs tend to have higher molecular weights and lower va-

por pressure and volatility. Thus, they are more likely bound

to particles. The order of magnitude higher scavenging ra-
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Figure 4. Comparison of total scavenging ratios (Wt) for snow

and rain from this study and the literature (Wania et al.,

1999; He and Balasubramanian, 2009; Škrdlíková et al., 2011).

PHE_AN= phenanthrenes/anthracenes.

tio in the individual snow sample for the higher molecu-

lar weight PACs at the oil sands sites was likely due to

the efficient scavenging of particles by snow. Furthermore,

higher molecular weight PACs are typically associated with

ultrafine and fine particles (He and Balasubramanian, 2009;

Škrdlíková et al., 2011), which have larger scavenging coeffi-

cients than medium-size particles (Zhang et al., 2013; Wang

et al., 2014).

Gas-phase dominant PACs, like acenaphthylene, have a

lower molecular weight and higher vapor pressures and,

therefore, are more volatile. However, a small mass fraction

in particulate phase could increase its overall scavenging ra-

tio (Wt) dramatically compared to the pure gas-phase scav-

enging ratio (Wg) due to the much higher value of Wp than

Wg in the literature (Fig. 5a). Thus, this may be the reason

for the higher snow scavenging ratio of acenaphthylene at

the oil sands sites. The more volatile PACs will likely par-

tition to existing particles of various sizes including large

particles (Franz and Eisenreich, 1998; He and Balasubrama-

nian, 2009; Škrdlíková et al., 2011). This typically results in a

larger particulate scavenging ratio (Wp) for lower molecular

weight PACs like acenaphthylene because large particles are

scavenged more efficiently by precipitation (Ligocki et al.,

1985). This is also supported by the higher semi-empirical

snow scavenging coefficients for large particles compared

to medium-size particles (Zhang et al., 2013; Wang et al.,

2014). In a previous study, the gas scavenging ratio (Wg) of
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Figure 5. Particle and gas scavenging ratios for (a) snow and (b)

rain obtained from the literature (Franz and Eisenreich, 1998; Wania

et al., 1999; He and Balasubramanian, 2009; Birgül et al., 2011;

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

acenaphthylene in snow was 385 times smaller than Wp in

the literature, resulting in a larger particle scavenging contri-

bution (74 %) to snow than gas scavenging (26 %) (Franz and

Eisenreich, 1998). In this study, however, the concentration

of acenaphthylene sorbed to particles in precipitation was not

measured at the oil sands sites to estimate Wp and the contri-

bution of particle scavenging of acenaphthylene to snow.

3.3 Rain scavenging of gas-phase dominant and

particulate-phase dominant PACs

Similar to the snow scavenging results, the scavenging by

rain was greater for particulate-phase than gas-phase PACs

by an order of magnitude. The median Wt was 1.8× 105 for

particulate-phase PAHs and 1.1× 104 for gas-phase PAHs.

The scavenging ratios were within those reported in the liter-

ature, which ranged from 5100 to 1.2× 106 for particulate-

phase PAHs and from 450 to 2.8× 105 for gas-phase PAHs

(Fig. 4). The larger Wt of particulate-phase PACs compared

to gas-phase PACs was also consistent with the empirical re-

lationship between LogWt and the particulate mass fraction

of PACs in air (Logϕ) (Franz and Eisenreich, 1998; He and

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

Although the gas-phase PACs have a very low particulate

mass fraction in air, Fig. 5b illustrates that the particulate

scavenging ratios (Wp) can be 1–4 orders of magnitude larger

than the theoretical and measured gas scavenging ratios (Wg)

in the literature. Similar to snow scavenging, rain scaveng-

ing of particles containing gas-phase PACs contributed more

than gas scavenging. For particulate-phase PACs, Wp and Wg

for both rain and snow scavenging were more comparable in

the literature (up to 1 order of magnitude difference, Fig. 5).

Thus, the particle scavenging contribution to snow and rain

will dominate the gas scavenging contribution because of the

larger particle fraction. The data needed to determine Wp and

Wg were not available at the oil sands sites to confirm lit-

erature findings and to estimate the relative gas and particle

scavenging contributions to rain. In previous studies, the con-

tributions of particle scavenging to rain were 99.41–99.99 %

for gas-phase PACs and 86.35–99.58 % for particulate-phase

PACs (He and Balasubramanian, 2009). In comparison, the

contributions from gas scavenging were estimated to be up to

0.59 % for gas-phase PACs and 13.7 % for particulate-phase

PACs (He and Balasubramanian, 2009). In a different study,

the contributions of particle scavenging to rain by gas-phase

PACs (17–59 %) were lower than by particulate-phase PACs

(97–100 %) (Škrdlíková et al., 2011). Higher volatility PACs,

such as acenaphthylene and anthracene, are likely associated

with larger particles, whereas non-volatile PACs tend to be

associated with smaller particles (Škrdlíková et al., 2011).

Based on the predicted scavenging coefficients for rain, the

scavenging of very large particles (> 6 µm) is more efficient

than that of fine and ultrafine particles (Wang et al., 2014).

The higher scavenging ratio for naphthalene in the indi-

vidual rain sample at the oil sands sites compared to the lit-

erature must be attributed to gas scavenging, since ϕ = 0 for

naphthalene, resulting in Wt =Wg. Gas scavenging can oc-

cur by dissolution of gaseous PACs to the surface of rain-

drops. The gas scavenging ratio from the dissolution process

(Wg,diss) depends on the temperature-corrected Henry’s law

constant, temperature, and the universal gas constant (Franz

and Eisenreich, 1998). Another theory for gas scavenging is

vapor adsorption to the surface of raindrops. This scaveng-

ing ratio (Wg,ads) can be determined from the air–water in-

terface coefficient and diameters of raindrops (Simcik, 2004;

He and Balasubramanian, 2009). However, the theoretical

Wg for naphthalene reported in the literature was only 24.5

(Fig. 5b), which is 105 times lower than the measured Wg in

the individual rain sample at the oil sands sites. The differ-

ences between measured Wg at the oil sands site and theoret-

ical Wg in the literature for naphthalene may be attributed to

the different cloud and precipitation characteristics and are

considered the major sources of uncertainties for precipita-

tion scavenging (Galloway et al., 1993; Franz and Eisenreich,

1998).

3.4 Comparison of PAC snow and rain scavenging

processes

Overall, the snow scavenging ratios of gas-phase and

particulate-phase PACs were greater than those for rain scav-

enging. Median total scavenging ratios over the period of

data analyzed were 6100− 1.1× 106 from snow scaveng-

ing and 350− 2.3× 105 from rain scavenging depending

on the PACs. Since snowfall and rainfall intensities po-

tentially affect precipitation scavenging, comparisons be-
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tween snow and rain scavenging should be conducted be-

tween snow and rain samples associated with similar pre-

cipitation intensity (Zhang et al., 2013; Wang et al., 2014).

Based on selected snow and rain events with similar pre-

cipitation rates (snow: 11.6–11.8 mm month−1; rain: 10.8–

12.3 mm month−1), the median snow and rain scavenging ra-

tios for gas-phase PACs were 1.2× 105 and 8300, respec-

tively. The median snow scavenging ratios for particulate-

phase PACs were 40 times greater than those for rain for

similar precipitation rates (snow: 11.6–11.8 mm month−1;

rain: 10.8–12.3 mm month−1). For another set of snow and

rain events (e.g, snow: 13.0–15.3 mm month−1; rain: 13.2–

16.5 mm month−1) at a different oil sands site, the median

snow scavenging ratio for particulate-phase PACs was only 2

times larger than that for rain.

Potential explanations for the efficient snow scavenging

of gas-phase PACs have been proposed in previous studies.

Franz and Eisenreich (1998) had observed a stronger correla-

tion between measured gas scavenging ratios and those cal-

culated from gas scavenging by dissolution for snow events

than for rain events. In this study, weak correlations were ob-

served between the temperature-corrected Henry’s law con-

stant (Pa m3 mol−1) based on experimental data (Mackay et

al., 2006) and theoretical values (Reid et al., 2013) and the

total snow (r =−0.36) and rain (r =−0.20) scavenging ra-

tios of gas-phase PACs, which suggest only minor influence

of gas scavenging by dissolution. A moderate correlation co-

efficient of 0.56 was found between temperature-corrected

water solubility of gas-phase PACs and total rain scaveng-

ing ratios; however, no relationship was found for total snow

scavenging ratios. This furthermore implies that there is an-

other mechanism involved in the gas scavenging of gas-phase

PACs besides the dissolution process or that particle scaveng-

ing makes a larger contribution to the total wet deposition of

gas-phase PACs.

Snow scavenging of gaseous PACs may be better mod-

eled by surface or interfacial adsorption (Wg,ads). Mea-

sured Log(Wg) were strongly correlated with theoretical

Log(Wg,ads) for snow events but not correlated in the rain

events. This indicates that interfacial adsorption likely oc-

curred in the snow events (Franz and Eisenreich, 1998).

Wania et al. (1999) proposed that the scavenging of gas

phase PACs likely occurred by adsorption to the air–ice in-

terface because Wg was a strong function of both the parti-

tion coefficient for the air–ice interface and vapor pressure

of the supercooled liquid. It suggests that snow scavenging

of gas-phase PACs is potentially the dominant scavenging

process for lower molecular weight or predominantly gas-

phase PACs (Wania et al., 1999). Compared to snow scav-

enging, rain scavenging of gas-phase PACs yielded much

lower scavenging ratios in field and theoretical studies. For

gas-phase PACs, Wg derived from field measurements ranged

from 160 to 3300, while the ranges for Wg due to dissolution

and surface adsorption scavenging were only 24.3–710 and

0.2–21.4, respectively (Fig. 5b). Thus, the scavenging of gas-

phase PACs by surface adsorption is evidently much lower

for rain than for snow and may explain the difference in the

snow and rain scavenging ratios at the oil sands sites.

Besides gas scavenging, gas-phase PACs typically have

very large particulate scavenging ratios (Wp) because they

are more likely to partition to particles. For snow events, Wp

of gas-phase PACs can be 15–385 times larger than mea-

sured Wg in the literature. For rain events, Wp ranged from

5.5× 103 to 2.7× 107, while theoretical and measured Wg

ranged from 25 to 3300 in the literature. Therefore, even

though gas-phase PACs have a very low particulate mass

fraction in air, the particle scavenging contribution to snow

and rain can still be important, because Wp can be much

greater than Wg. Furthermore, the snow samples are associ-

ated with lower air temperatures, which may increase the par-

titioning of gas-phase PACs to the particulate phase (Pankow,

1991; Cousins et al., 1999). The average and SD of the air

temperatures corresponding to snow and rain samples in this

study were −8.6± 7.2 and 8.9± 8.6 ◦C, respectively, with

an average temperature difference of 17.5 ◦C. As shown in

Fig. 2, the average particulate mass fractions correspond-

ing to snow samples were 2.5–4 times higher than those of

rain samples for phenanthrene and anthracene. The combina-

tion of higher Wp and particulate mass fraction would yield

higher total snow scavenging ratios. Particulate mass frac-

tions for alkylated fluorenes, DBT, and C1/C2-DBTs during

cold temperatures were also higher. Almost no differences in

the particulate mass fractions between snow and rain sam-

ples were observed for the other parent gas-phase dominant

PAHs.

Particle scavenging ratios for PACs in snow events were

also observed to be larger than for rain events. Average Wp

ranged from 105 to 106 for the snow events and from 103

to 104 for the rain event for particulate-phase PACs (Franz

and Eisenreich, 1998). Snow is more efficient than rain at

scavenging particles because of its larger surface area (Franz

and Eisenreich, 1998). The relative scavenging efficiencies

between snow and rain depend on particle sizes and precip-

itation intensity (Wang et al., 2014). For particulate-phase

PACs that are likely associated with ultrafine and fine parti-

cles, the snow scavenging coefficient is predicted to be ∼10

times larger than the rain scavenging coefficient at low pre-

cipitation rates (Wang et al., 2014). The temperature depen-

dence of the particulate mass fractions can also explain the

larger total scavenging ratios for snow than those for rain.

The average particulate mass fractions associated with snow

samples were 1–14 % higher than in rain samples among

the particulate-phase dominant PACs (Fig. 2). This is likely

because at lower temperatures the vapor pressures of PACs

in the particulate phase would be even lower, which causes

them to remain bounded to particles.
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Figure 6. Effect of alkylation on total scavenging ratios (Wt)

for snow and rain. PHE_AN= phenanthrenes/anthracenes,

FLT_PYR=fluoranthenes/pyrenes,

BTC= benz(a)anthracenes/triphenylenes/chrysenes,

DBT= dibenzothiophene.

3.5 Role of alkylation and PAC physico-chemical

properties in snow and rain scavenging

Alkylated naphthalenes, fluorenes, phenanthrenes / an-

thracenes, fluoranthenes / pyrenes, benz(a)anthracenes /

triphenylenes / chrysenes, and DBTs were measured at the

three oil sands sites. For most of these PACs except for naph-

thalenes, total snow and rain scavenging ratios increased with

the degree of alkylation (Fig. 6). These trends appeared to

have some relationship with their physico-chemical proper-

ties, such as the Henry’s law constant, the octanol–air par-

tition coefficient (Koa), subcooled vapor pressure (p0
L), wa-

ter solubility, and the particulate mass fraction (ϕ) and gas-

particle partition coefficient (Kp), obtained from Reid et

al. (2013). Snow and rain Wt for parent naphthalene were

much higher than those of alkylated napthalenes. With an in-

crease in alkylation, snow and rain Wt decreased. This trend

is consistent with the increase in the Henry’s law constant

(Pa m3 mol−1), which leads to lower gas scavenging by dis-

solution (Franz and Eisenreich, 1998). This is further sup-

ported by the decrease in water solubility with increased

alkyl substitutions. The large decrease in water solubility

from parent naphthalene to C1 naphthalene is also reflected

in the Wt.

The other physico-chemical properties play a more

prominent role in the precipitation scavenging of other

alkylated PACs. For fluorenes and alkylated phenan-

threnes/anthracenes, snow and rain Wt increased with alky-

lation. This trend is consistent with an increase in Koa,

ϕ, and Kp as the number of alkyl substitutions increase.

These physico-chemical properties are related to gas-particle

partitioning (Pankow, 1994; Harner and Bidleman, 1998),

which leads to a larger particulate mass fraction and, thus,

higher Wt. The large increase in Koa from C3 to C4 flu-

orene corresponds to the large increase in Wt. p0
L is an-

other physical property affecting gas-particle partitioning

(Pankow, 1994), but is also related to snow scavenging

of gas-phase PACs by interfacial adsorption. As p0
L de-

creases with alkyl substitutions, the interfacial adsorption

coefficient (Kia) increases (Franz and Eisenreich, 1998).

This results in a higher contribution of gas scavenging by

snow to the total scavenging ratio. The physico-chemical

properties that have the most influence on the precipi-

tation scavenging of alkylated fluoranthenes/pyrenes and

benz(a)anthracenes/triphenylenes/chrysenes are ϕ and Kp

because these are particulate-phase dominant PACs. Thus,

particle scavenging contributions will dominate the total wet

deposition of these PACs. ϕ and Kp are predicted to increase

with alkylation. The increase in Wt with alkyl substitutions is

likely attributed to the increase in particulate mass fraction.

For DBTs, the degree of alkylation increased with the rain

Wt, but did not have a large effect on snow Wt. The trend in

the rain Wt is consistent with the increase in Koa, ϕ, and Kp,

which are properties affecting gas-particle partitioning. The

decrease in p0
L with increasing alkyl substitutions should re-

sult in an increase in gas scavenging by snow (due to adsorp-

tion on the air–ice interface); however, this was not reflected

in the snow Wt.

3.6 Uncertainties in snow and rain scavenging

The ratio of the maximum to minimum Wt was used to es-

timate the uncertainties for snow and rain events with sim-

ilar amounts of precipitation. The median Wt uncertainties

among gas-phase PACs were a factor of 3.6 for snow scav-

enging and 1.9 for rain scavenging (Fig. 7a). The uncertain-

ties from gas scavenging by snow can be very large, as shown

in the estimated Wg for the interfacial adsorption process

(103 to 1010, Franz and Eisenreich, 1998). Field measure-

ments of Wg can also be 0.43–20 times greater than the theo-

retical Wg for snow scavenging (Franz and Eisenreich, 1998).

There are several factors that can contribute to the uncertain-

ties of measured Wg, such as the higher than expected dis-

solved concentration of gas-phase PACs due to the presence

of colloids in the filtrate (Franz and Eisenreich, 1998; He and

Balasubramanian, 2009) and the repartitioning of dissolved

PAHs to particles in snowmelt (Wania et al., 1999). The un-

filtered submicron particles in the filtrate led to a measured

Wg that was 100 times larger than the theoretical estimate

(Poster and Baker, 1995a, b). The Wg estimated by Wania

et al. (1999), which accounts for the repartitioning of dis-

solved PAHs to particles, were 2–5 times higher than those

measured by Franz and Eisenreich (1998) for the same set of

snow events. The adsorption of gas-phase PACs to the snow

surface could also be enhanced by the presence of an organic

Atmos. Chem. Phys., 15, 1421–1434, 2015 www.atmos-chem-phys.net/15/1421/2015/
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layer (Franz and Eisenreich, 1998). Differences in the snow

and rain properties are also contributing factors to the gas

scavenging uncertainties. These data were not available in

this study to assess their effects on the total scavenging ratio

uncertainties.

Gas-phase PACs partition to particulate matter depend-

ing on temperature, which affects the particulate mass frac-

tion and, subsequently, the total scavenging ratio. The snow

events in Fig. 7a not only have similar precipitation amounts,

but are also associated with similar air temperatures in or-

der to minimize the temperature and gas-particle partition-

ing effects on the uncertainties of Wt. Rain events associated

with similar air temperatures were also used in Fig. 7a. De-

spite analyzing precipitation events with similar air tempera-

tures, particulate mass fraction differed by factors of 1.6 and

1.5 (median among gas-phase PACs) for the snow and rain

events, respectively. This may be due to other factors affect-

ing the particle partitioning of gas-phase PACs (e.g., aerosol

water content and chemical composition). When precipita-

tion events with equivalent precipitation amounts but differ-

ent air temperatures were examined, uncertainties in the total

scavenging ratio increased (Fig. 7b). The median Wt uncer-

tainties among gas-phase PACs rose to factors of 6.6 for snow

events and 2.5 for rain events (Fig. 7a and b). This tempera-

ture effect on the uncertainties of the Wt is also supported by

the larger difference in the particulate mass fraction.

The uncertainties in snow scavenging of particulate-phase

PACs were larger than those for rain scavenging as shown in

the range of scavenging ratios for snow and rain events with

similar precipitation rates (Fig. 7c). The Wt uncertainties for

snow and rain events were up to 10 and 7.7, respectively,

which were within the range of semi-empirical scavenging

coefficients. For small particles (< 0.01 µm) that particulate-

phase PACs are typically bound to, Zhang et al. (2013) pre-

dicted that the ranges of scavenging coefficients are up to 2

orders of magnitude for snow and 1 order of magnitude for

rain. Measurements are needed to confirm the particle size

distribution of particulate-phase PACs because scavenging

coefficient uncertainties for medium-size particles are pre-

dicted to be a factor of at least 10 larger than small and large

particles (Zhang et al., 2013). Aside from particle sizes, the

variability and uncertainties in the scavenging ratios could

be due to the properties of snow and raindrops, such as snow

shape and size of raindrops (Zhang et al., 2013). For exam-

ple, in snow, the porosity of snowflakes and dendrites is con-

sidered effective for capturing small particles while allowing

air to pass through (Franz and Eisenreich, 1998).

3.7 Limitations and uncertainties of scavenging ratios

As discussed in the last section, particle size distribution and

snow and rain characteristics may contribute to the uncer-

tainties in precipitation scavenging of PACs. The scavenging

ratio parameter itself also has limitations and uncertainties

due to the oversimplification of the precipitation scavenging
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Figure 7. Range of total scavenging ratios (Wt) in snow and rain

samples with (a) similar precipitation rates and air temperatures,

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

(c) same as (a) but for particulate PACs. Note the use of the

log scale for Wt, which indicates that the range of Wt for snow

is much larger than what is shown on the graph. P =monthly

precipitation; T = air temperature. FLT/PY=fluoranthene/pyrene;

BTC= benz(a)anthracene/triphenylene/chrysene.

process. The large variability in the total scavenging ratios

(e.g., a 4–5 order of magnitude range for PACs) may be at-

tributed to numerous factors, such as particle size distribu-

tion, droplet sizes, cloud and precipitation type, and air mass

trajectories (Duce et al., 1991; Galloway et al., 1993), which
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were not determined at the oil sands sites. To minimize vari-

ability, an average of a number of scavenging ratios should

be determined over a longer time period instead of individ-

ual precipitation events (Duce et al., 1991; Galloway et al.,

1993). In this study, the majority of the results were based

on the median scavenging ratios from at least 14–15 monthly

snow and rain samples. The scavenging ratio concept also as-

sumes that the air concentrations measured near the surface

are representative of the concentrations in the cloud, where

in-cloud scavenging may occur.

4 Conclusions

A database of scavenging ratios was developed for the 43

PACs monitored in air and precipitation samples in the

Athabasca oil sands region. Overall, the median total scav-

enging ratios of most PACs, except for acenaphthylene, were

within the range of scavenging ratios reported in the lit-

erature. Total scavenging ratios for some individual snow

and rain samples exceeded literature values by a factor of

10. In some cases, snow scavenging ratios of 107 were

observed for benzo(a)pyrene, dibenz(a,h)anthracene, and

benzo(g,h, i)perylene, which is considered the upper limit

for PAH scavenging ratios reported in the literature. The

large range in scavenging ratios associated with samples of

similar precipitation amounts implies the large natural vari-

ability and/or uncertainties in precipitation scavenging pro-

cesses. Total snow and rain scavenging ratios increased with

the number of alkyl substitutions for some PACs, which were

consistent with the trends in their physico-chemical proper-

ties, such as subcooled vapor pressure and octanol–air and

particle partition coefficients. The Henry’s law constant and

water solubility might play a role in the decrease in snow and

rain scavenging ratios for naphthalene with increased alkyl

substitutions.

The database of scavenging ratios was also separated into

subgroups to investigate the relative importance of gas and

particle scavenging by snow and rain. It was found that snow

scavenging is around 10 times more efficient (in terms of

the scavenging ratio values) than rain scavenging for both

particulate-phase dominant and gas-phase dominant PACs.

It was also found that scavenging of particulate-phase dom-

inant PACs is 5 to 10 times more efficient than scaveng-

ing of gas-phase dominant PACs under both rain and snow

conditions. These findings suggest that snow scavenging of

particulate-phase PACs should contribute significantly to the

total wet deposition of PACs in this region.

The database of PAC scavenging ratios (Table S3) could

be used in future studies to predict the wet deposition flux

at passive air monitoring sites in the Athabasca oil sands re-

gion. The total wet deposition flux is defined as the product

of the total scavenging ratio, total air concentration, and pre-

cipitation rate (Duce et al., 1991; Sakata and Asakura, 2007).

Although the uncertainties can be large because the factors

affecting precipitation scavenging can vary with location, it

may be a reasonable approach to provide a first-order esti-

mation of wet deposition using the scavenging ratio concept.

The detailed deposition budget of all the monitored PACs at

the passive air monitoring sites will be investigated in a sep-

arate study.

The Supplement related to this article is available online

at doi:10.5194/acp-15-1421-2015-supplement.
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