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Abstract
Forty passive air samplers were deployed to study the occurrence of gas and particulate phase
PAHs in remote, rural village and urban areas of Beijing–Tianjin region, North China for four
seasons (spring, summer, fall and winter) from 2007 to 2008. The influence of emissions on the
spatial distribution pattern of air PAH concentrations was addressed. In addition, the air–soil gas
exchange of PAHs was studied using fugacity calculations. The median gaseous and particulate
phase PAH concentrations were 222 ng/m3 and 114 ng/m3, respectively, with a median total PAH
concentration of 349 ng/m3. Higher PAH concentrations were measured in winter than in other
seasons. Air PAH concentrations measured at the rural villages and urban sites in the northern
mountain region were significantly lower than those measured at sites in the southern plain during
all seasons. However, there was no significant difference in PAH concentrations between the rural
villages and urban sites in the northern and southern areas. This urban–rural PAH distribution
pattern was related to the location of PAH emission sources and the population distribution. The
location of PAH emission sources explained 56%–77% of the spatial variation in ambient air PAH
concentrations. The annual median air–soil gas exchange flux of PAHs was 42.2 ng/m2/day from
soil to air. Among the 15 PAHs measured, acenaphthylene (ACY) and acenaphthene (ACE)
contributed to more than half of the total exchange flux. Furthermore, the air–soil gas exchange
fluxes of PAHs at the urban sites were higher than those at the remote and rural sites. In summer,
more gaseous PAHs volatilized from soil to air because of higher temperatures and increased
rainfall. However, in winter, more gaseous PAHs deposited from air to soil due to higher PAH
emissions and lower temperatures. The soil TOC concentration had no significant influence on the
air–soil gas exchange of PAHs.
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1. Introduction
Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous environmental contaminants that
are formed mainly during incomplete combustion of fossil fuels and biomass. Chinese PAH
emissions contributed to over 20% of the total global PAH emissions in 2004 (Zhang and
Tao, 2008). As a result, PAH emissions in excess of 116,000 tons/year have resulted in the
contamination of various environmental media in China, especially ambient air (Zhang et
al., 2007). In addition, it was reported by Zhang et al. (2009) that 1.6% of the lung cancer
morbidity in China was due to inhalation exposure to ambient air PAHs.

Air–soil exchange is one of the most important processes governing the fate of persistent
organic pollutants (POPs), including PAHs, in the environment (Cousins et al., 1999) and
understanding their air–soil exchange is important for evaluating the risk associated with
environmental contamination and human exposure. Previous studies have focused on the air-
soil exchange of organochlorine pesticides (OCPs) (Harner et al., 2001; Meijer et al., 2003a,
b; Bidleman and Leone, 2004; Kurt-Karakus et al., 2006; Růžičková et al., 2008; Tao et al.,
2008; Bozlaker et al., 2009; Kobližková et al., 2009; Wong et al., 2010), polychlorinated
biphenyls (PCBs) (Harner et al., 1995; Cousins and Jones, 1998; Backea et al., 2004;
Bozlaker et al., 2008a; Růžičková et al., 2008; Kobližková et al., 2009; Li et al., 2010),
polychlorinated dibenzo-p-dioxins (PCDDs) (Cousins et al., 1998), and polybrominated
diphenyl ethers (PBDEs) (Cetin and Odabasi, 2007). However, there is a limited number of
studies on the air–soil exchange of PAHs (Bozlaker et al., 2008b; Wang et al., 2008a).
Multimedia fugacity and atmospheric dispersion models predict that air–soil exchange of
PAHs may be one of the most significant processes for removing PAHs from the
atmosphere, as well as the most important process for contaminating soils with PAHs (Lang
et al., 2007).

Beijing and Tianjin are two of the largest cities in northern China and the rapid population
growth, industrialization and urbanization of this area during the last decade have resulted in
high PAH emissions (Zhang et al., 2007) and high atmospheric concentrations (Zhou et al.,
2005; Okuda et al., 2006; Wu et al., 2006, 2007; Wang et al., 2008b; Zhang et al., 2009).
Recently, Liu et al. (2007, 2008) reported that atmospheric PAH concentrations in rural
Chinese villages are similar to, or even higher than, those in urban areas due to the extensive
use of biomass and coal as fuels for cooking and heating. Given this, it is important to
further investigate this finding and assess the air–soil exchange of PAHs in rural villages
and urban areas in the Beijing–Tianjin area.

The objectives of this study were to (1) investigate the seasonal variation and spatial
distribution of the atmospheric PAH concentrations in this region, (2) determine the
magnitude and direction of air–soil gas exchange of PAHs in remote, rural village and urban
areas, (3) investigate the seasonal variation and spatial distribution of the air–soil gas
exchange fluxes of PAHs, and (4) assess the influence of PAH emission density, total
organic carbon (TOC) concentration in soil, and temperature, on the air–soil gas exchange of
PAHs.
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2. Materials and methods
2.1. Sampling

Passive air samplers with PUF (polyurethane foam) disks and glass fiber filter (GFF) were
used to collect PAHs in the gas and particulate phase, respectively. The sampler has been
tested in field conditions at different meteorological conditions with satisfaction and detailed
calibration and uptake rates of this sampler were described previously (Tao et al., 2009). It is
important to note that this passive air sampler samples the particle-bound PAHs less
efficiently than gas-phase PAHs. Therefore, higher uncertainties are associated with the
measured particle-phase PAH concentrations in this study. Passive air sampling data were
collected at 40 remote, rural village and urban sites between 2007 and 2008 covering four
seasons, and the sampling period in winter included the residential heating time. Two
identical samplers were deployed at each site on rooftops or in open areas at each site at 1.5
to 20 m high off the ground in order to avoid airflow obstruction. The passive air samplers
were mounted at different heights because of logistical constraints. PAH concentrations may
change over height, the effect of sampling height on the result could be a constrain of the
method and the results should be interpolated with care.

Soil samples were collected from the same sampling sites in September 2007 (Wang et al.,
2010). Briefly, surface soils (0–5 cm in depth) were collected using a stainless steel soil
corer after the upper organic vegetative material was removed. Five soil samples were
collected over a 100 m2 area, pooled and homogenized to obtain a composite soil sample.
Detailed sampling information, including the sampling height, longitude, latitude and
sampling periods are given in Table S1.

The study area covers Beijing, Tianjin and part of the Hebei province (50,000 km2, with 70
million inhabitants) (Fig. S1) and all of the sampling sites were located far from industrial
areas and roadsides. The northern and southern rural villages and northern and southern
urban areas were divided based on a boundary line between the mountain area and the plain
area of the Beijing–Tianjin region (Fig. S1). This separation between the northern and
southern sites is demonstrated by a scatter plot of gross domestic product (GDP) and
population density for northern rural villages, southern rural villages, northern urban areas
and southern urban areas (Fig. S2).

After sampling, all PUF disks were stored at −18 °C. The GFFs were equilibrated in a
desiccator (25 °C) for 24 h and weighed before and after the sampling, in accordance with
USEPA Method 5 of 40 CFR Part 60 (http://www.epa.gov/ttn/emc/methods/method5.html).
It is likely that the particles will adjust to a new equilibrium with the air inside the
desiccators, which brings uncertainties to the following sample extraction and analysis.
Before sampling, the PUF disks were pre-cleaned in a Soxhlet extractor with
dichloromethane for 24 h and the GFFs were prebaked in a furnace at 450 °C for 4 h.

2.2. Extraction and analysis
PUF disks and GFFs were Soxhlet extracted with 100 mL dichloromethane for 12 h (Liu et
al., 2007; Tao et al., 2009), and the extracts were concentrated by rotary evaporation to
about 1.0 mL, solvent exchanged to n-hexane, and purified on an alumina silica packed
column (10 cm, 3% deactivated silica gel, 6 cm, 3% deactivated alumina, and 1 cm
anhydrous sodium sulfate). The silica gel, alumina and anhydrous sodium sulfate were
baked at 450 °C for 4 h prior to use. The column was eluted with 50 mL of
dichloromethane/hexane (2:3) at a rate of 2 mL/min to yield the PAHs fraction. The eluant
was concentrated on the rotary evaporator at below 38 °C to approximate 1 mL.
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Fifteen PAHs, including acenaphthene (ACE), acenaphthylene (ACY), fluorene (FLO),
phenanthrene (PHE), anthracene (ANT), fluoranthene (FLA), pyrene (PYR),
benz(a)anthracene (BaA), chrysene (CHR), benzo (b)-fluoranthene (BbF),
benzo(k)fluoranthene (BkF), benzo(a)pyrene (BaP), dibenzo(a,h)anthracene (DahA),
indeno(1,2,3-cd)pyrene (IcdP), and benzo(ghi)perylene (BghiP), were analyzed on a gas
chromatograph (Agilent 6890) coupled to a mass selective detector (MSD, Agilent 5973).
Twenty percent of the samples were spiked with deuterated PAHs (NAP-d8, ANE-d10,
ACE-d10, ANT-d10, CHR-d12 and Perelyne-d12) before extraction to monitor the loss of
PAHs during extraction and cleanup procedures. 2-fluoro-1,1′-biphenyl and p-terphenyl-d14
(2.0 μg/mL, J&K Chem, USA) were spiked onto the samples and used as internal standards
for quantification of the 15 PAHs in each sample. Details of the analysis and quantification
methods have been described previously (Liu et al., 2007). All solvents were of analytical
grade and redistilled. All glassware was cleaned using an ultrasonic cleaner (Kunshan
KQ-500B, China) and baked at 400 °C for 6 h.

2.3. Quality control and quality assurance
Thirty-two field blanks, including a PUF and GFF, were analyzed. The instrumental
detection limits and the concentration range of PAHs in the field blank samples are shown in
Table S2. The PAH concentrations in blank samples were at least one order of magnitude
lower than the actual samples. The reported sample PAH concentrations were blank
subtracted using the mean of all blanks. Method recoveries were determined by spiking the
standard mixture of 15 PAHs onto the PUF disks and GFFs and performing the entire
analytical methods. The recoveries were 79–114% for the PUF disks and 72–102% for the
GFFs. The recoveries for the deuterated PAHs were 79–96% for the PUF disks and 73–91%
for the GFFs. The average coefficients of variation for PAH concentrations measured in
duplicate samples were 3–18% for the PUF disks and 4–28% for the GFFs. The same
quality control steps are also used in other studies (Liu et al., 2007, 2008; Tao et al., 2009;
Wang et al., 2010).

3. Results and discussion
3.1. PAHs concentration in air

The annual median air PAH concentration for the entire study region was 222 ng/m3 for the
gaseous PAHs, 114 ng/m3 for the particulate PAHs, and 349 ng/m3 for the total 15PAHs
(sum of gaseous and particulate-phase) (Tables S4, S5, and S6). Compared with other
regions in the world (Table S3), the Beijing–Tianjin region is more severely contaminated
with PAHs. However, although the passive air samplers used in this study were well
characterized and calibrated, these results may not be directly comparable to previous
studies using a high volume sampling method (Tao et al., 2009).

In general, the lower molecular weight PAHs (ACE, ACY, FLO, PHE, and ANT) were
primarily measured in the gas-phase (Table S4), and the higher molecular weight PAHs
(PYR, BaA, CHR, BbF, BkF, BaP, DahA, IcdP, and BghiP) were primarily measured in the
particulate phase (Table S5).

3.2. Seasonal variation and spatial distribution of PAHs in air
The median concentrations of all 15 PAHs in the gaseous, particulate and sum of gaseous
and particulate phases in this study were 169 ng/m3, 72.5 ng/m3 and 252 ng/m3 in spring,
120 ng/m3, 28.8 ng/m3 and 145 ng/m3 in summer, 222 ng/m3, 154 ng/m3 and 377 ng/m3 in
fall, and 346 ng/m3, 146 ng/m3 and 521 ng/m3 in winter. (Tables S4, S5, S6). Total PAH
concentrations in summer were significantly lower compared to the other three seasons (p <
0.01). Similarly, total PAH concentrations in spring were significantly lower compared to
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fall and winter (p < 0.01). However, there was no significant difference between total PAH
concentrations in fall and winter (p > 0.05). In the Beijing–Tianjin region, the main PAH
emission sources are the domestic burning of coal, straw and firewood, which account for
75% of the total PAH emission (Zhang et al., 2007). The increase in PAH concentrations
during colder weather is likely due to residential heating with biomass and domestic coal
combustion (Liu et al., 2007). Moreover, atmospheric photochemical degradation of PAHs
and precipitation in this region are more significant during summer, which may decrease
PAH concentrations. A significant difference in PAH concentrations between winter and
summer was also reported in other studies (Bozlaker et al., 2008b; Zhou et al., 2005; Wang
et al., 2008b; Wu et al., 2007; Liu et al., 2008). The individual PAH concentrations and
profile distribution in spring, summer, fall and winter are shown in Fig. S3. Higher PHE,
FLO and FLA concentrations were measured in the winter, while higher DahA and IcdP
concentrations were measured in the summer, likely because of different combustion source
types.

Gaseous and particulate phase PAH concentrations tend to follow similar spatial distribution
patterns on regional scales (Sun et al., 2006; Liu et al., 2008). This pattern was also observed
in this study and gaseous phase PAH concentrations were positively correlated with
particulate phase PAH concentrations in all seasons (n = 40, p < 0.001). Therefore, the total
PAH concentration was used for the spatial distribution analysis.

The geographic distribution of total PAH concentrations in all four seasons is shown in Fig.
S4. The most contaminated areas were the urban areas of Beijing and Tianjin, east and
southwest areas of Hebei, and a number of large cities, including Tangshan, Baoding,
Cangzhou and Langfang. The areas with the lowest PAH concentrations were mountain
areas in northwest Hebei (Zhangjiakou) and north of Beijing (Huairou) that have a relatively
low population density and are less developed. The spatial distribution of PAH emission
sources is likely to influence the spatial distribution pattern of atmospheric PAH
concentrations. For example, the annual average total PAH concentrations in air from
Xiaolongmen (background site), Shijing (rural village site), and Tangshan (urban site) were
39.4, 355, and 1010 ng/m3, respectively. These concentrations correlate with the PAH
emission density of 0.84 kg/m2/year in Xiaolongmen, 32.3 kg/m2/year in Shijing, and 135
kg/m2/year in Tangshan. Klánová et al. (2006) measured atmospheric PAH concentrations in
several cities in the Czech Republic and found that the ambient air PAH concentrations were
significantly affected by local emissions. Gioia et al. (2007) also found that the ambient air
PAH concentrations were more closely related to emissions from the adjacent source
country rather than remote ones. In addition, Liu et al. (2008) obtained a good correlation
between high-resolution PAH emission data and atmospheric PAH concentrations in the
North China Plain. In the current study, a linear correlation between log transformed air
PAH concentration and log-transformed PAH emission density was measured (Fig. 1), using
high-resolution PAH emission rates in all four seasons from Zhang and Tao (2009).
Approximately 67, 56, 70, and 77% of the spatial variation in air PAH concentrations can be
explained by PAH emission sources in spring, summer, fall, and winter, respectively.

The annual average of air total PAH concentrations in the remote (2 sites), northern rural
village (13 sites), south rural village (11 sites), north urban (4 sites) and south urban (10
sites) areas were 50.5 ± 15.7, 225 ± 81.0, 418 ± 88.0, 310 ± 69.5, and 567 ± 203 ng/m3,
respectively. The PAH concentrations measured at the rural villages and urban sites in the
northern mountain region were significantly lower than those measured at the sites in the
southern plain during all seasons (p < 0.05). However, there was no significant difference in
PAH concentrations between the rural villages and urban sites in northern/southern areas (p
> 0.05). Similar trends were found for each season and for individual PAHs (Fig. 2).
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Hafner et al. (2005) reported that there was a significant correlation between air PAH
concentrations and population density. A large population density and increased human
activities often result in higher energy consumption rates and higher emission rates of
incomplete combustion products, including PAHs. This is particularly true for areas with
similar energy consumption patterns. In this study, 68–79% of total spatial variation in
remote, rural village and urban area PAH concentrations can be explained by population
density in all four seasons (Fig. S5). In addition, there was good separation between remote,
northern rural village and urban areas, and southern rural village and urban areas, because of
different energy consumption patterns. In rural villages, the dominant PAH emission sources
are indoor biomass burning and domestic coal combustion for cooking and heating (Liu et
al., 2008). These less energy-efficient practices in villages result in higher PAH emissions
compared to coal combustion and vehicle emissions in urban areas. In addition, in cities,
centralized heating system with industrial boilers and the use of natural gas in homes
decrease the need for biomass or domestic coal stoves. In this study, the southern plain area
is more developed than the northern region (Figs. S1, S2, S5), which results in more energy
consumption and more PAH emissions in the south rather than in the north (Fig. 1). In
addition, 60–74% of the total spatial variation in air PAH concentration is explained by local
GDP (gross domestic product) (Fig. S5). It has been demonstrated that PAH emission
density, population density and GDP are positively correlated with each other (Zhang et al.,
2007) and are important for explaining the spatial variation of PAH concentrations for
different seasons.

3.3. Air–soil gas exchange of PAHs
The fugacity fraction (ff) is calculated as the fugacity in soil divided by the sum of fugacities
in soil and air and serves as an indication of the net direction of air–soil gas exchange of
PAHs (Harner et al., 2001).

(1)

Detailed fugacity calculations for air and soil can be found in Mackay (1979) and are also
provided in the supplementary material. In this study, the soil PAH fugacity (fs) was
calculated from the soil PAH concentrations reported in Wang et al. (2010), and the
atmospheric PAH fugacity (fa) was calculated from the atmospheric gas phase PAH
concentrations in this study in different seasons. A fugacity fraction of ~0.5 indicates
equilibrium, > 0.5 indicates net volatilization from the soil into air, and < 0.5 indicates net
deposition from air to soil. However, due to uncertainties and the propagation of errors in
the calculation, fugacity fractions between 0.3 and 0.7 were not considered to differ
significantly from equilibrium, ff > 0.7 indicated that the soil was a source with net
volatilization from soil to air, and ff < 0.3 indicated that the soil was a sink with net
deposition from air to soil (Harner et al., 2001; Meijer et al., 2003a, b).

The ff values for individual PAH in all four seasons are shown in Fig. 3 and in the box-and-
whisker plot is shown in Fig. S6. In general, the ff values increased with decreased
molecular weight of the individual PAHs. In addition, there were significant differences
between the ff values in summer and winter for all individual PAHs (p < 0.01), with all of
the ff values in summer being greater than the corresponding winter values. This indicated
that there was a higher tendency for PAHs to volatilize from soil to air during the summer.
In summer, the ff values for lower molecular weight (LMW) PAHs (ACE, ACY, FLO and
PHE) were greater than 0.7, indicating that soil acted as a secondary source to the
atmosphere for the PAHs. The ff values for ANT, FLA, PYR, BaA, CHR, BbF, BkF and
IcdP indicated that the soil and air were close to equilibrium for these compounds and the ff
values for BaP, DahA and BghiP, indicated that soil was a sink for these higher molecular
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weight (HMW) PAHs from the atmosphere (Fig. 3). In winter, soil was a sink and there was
net deposition for all PAHs, except for ACE and ACY. Similar ff values were calculated for
spring and fall. Due to their higher volatility and lower retention in soil, LMW PAHs are
more mobile and subject to soil–air transfer (Hippelein and McLachlan, 1998; Cousins et al.,
1999). Once deposited, the HMW PAHs tend to accumulate in soil for longer periods.
Cousins and Jones (1998) and Wang et al. (2008a) reported that soil was a source of some
LMW PAHs to the atmosphere and a long-term sink for HMW PAHs. These results were
also consistent with a previous study by Bozlaker et al. (2008b), in which the air–soil
partitioning of the medium volatility PAHs was found to be more sensitive to the seasonal
air concentrations and temperature variations than the lower and higher volatility PAHs, as
indicated by their shift from volatilization to deposition from summer to winter.

The ff values in remote, north rural village, south rural village, north urban and south urban
areas are presented in Fig. S7. In general, larger ff values were calculated for urban villages
relative to rural villages and remote areas in all seasons, indicating that PAHs had a higher
tendency to volatilize from soil to air in urban areas rather than in rural village and remote
areas. This finding is consistent with a previous study in Dalian, China (Wang et al., 2008a).
In addition, a one-way ANOVA test showed that there were no significant differences for
ACE, ACY, FLO and PHE in ff values in the five different study areas (p > 0.05). However,
in summer, ff values of individual PAHs (excluding ACE, ACY, FLO and PHE) in remote
areas were significantly lower compared to other regions, and were significantly lower in
northern rural villages compared to southern urban areas. This indicated that there were
higher PAH evaporation rates from soil in southern urban areas than in remote and northern
village areas.

3.4. Air–soil gas exchange flux of PAHs
The net air–soil gas exchange flux is driven by the fugacity difference between air and
surface soil (Mackay and Paterson, 1991), and the detailed calculation method for air–soil
exchange flux of gaseous PAH has been reported by Mackay (1991) and Backea et al.
(2004), and is presented in the supplementary material.

The results of air–soil gas exchange flux of PAHs are shown in Table S7. The negative flux
value suggests that the air–soil gas exchange direction of PAHs from soil to air, and the
positive flux value suggests that the air–soil gas exchange direction of PAHs from air to soil.
The median of air–soil gas exchange fluxes of 15 PAHs were −56.4, −385, −4.03, and 233
ng/m2/day in spring, summer, fall, and winter, respectively. The annual median flux of
PAHs was −42.2 ng/m2/day, equivalent to 4.1 ng/m2/year evaporation as BaPeq
(benzo(a)pyrene equivalent concentration) from soil to air, based on toxic equivalent factors
from Nisbet and Lagoy (1992). This is also equivalent to ~2.1 kg PAHs evaporated as BaPeq
from soil in this region (50,000 km2) every year. The highest deposition flux from air to soil
and evaporation flux of total gaseous PAHs occurred in winter in Tangshan (741 ng/m2/day)
and in summer in Baodi (2150 ng/m2/day). There was more gaseous PAH evaporation from
soil to air in summer than in other seasons, and in winter more gaseous PAHs deposited
from air to soil. The low molecular weight PAHs, including ACY, FLO, ACE, ANT, and
PHE, are the most important PAHs for air–soil gas exchange. The high molecular weight
PAHs are less important during air–soil gas exchange due to very low concentrations in the
atmosphere.

Fig. S8 presents the geographical distribution of air–soil gas exchange flux of PAHs in the
study area. Regions with higher exchange fluxes were mainly distributed in Tianjin,
Baoding and Tangshan areas. Distribution pattern of air–soil gas exchange was different
between summer and winter, but similar between spring and fall. Generally there was more
air–soil gas exchange flux of PAHs in urban than remote and rural areas, more air to soil
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deposition in urban areas, and more evaporation from soil to air in remote areas.
Furthermore, in summer, the air–soil gas exchange flux of PAHs (except for BaA) in remote
area was significantly lower compared to other rural village and urban areas (p < 0.05) (Fig.
4), which is consistent with the lower ff values in remote areas. In winter, the air–soil gas
exchange flux in remote areas was also significantly lower relative to other areas (p < 0.05)
(Fig. 4), There was no significant difference of air–soil gas exchange flux between north
rural village and north urban areas and between south rural village and south urban areas (p
> 0.05).

The spatial distribution of atmospheric PAH concentrations, meteorological conditions
(temperature, humidity, and wind speed), vegetation cover, soil properties (total organic
carbon (TOC) concentration, temperature, and humidity), and PAH emission sources, are all
likely to impact the geographic distribution pattern of the air–soil gas exchange of PAHs
(Cousins et al., 1999; Hippelein and McLachlan, 1998, 2000). Table S8 shows the
correlation coefficients between soil TOC concentration and air–soil gas exchange flux of
individual PAHs, and between the PAH emission density and the air–soil gas exchange flux
of the individual PAHs. Figs. S9 and S10 show the scatter plots of the air–soil gas exchange
flux of total PAH with TOC and emission density, respectively. No strong correlations were
found between soil TOC concentration and the air–soil gas exchange flux for total PAH in
any season (Fig. S9), and only a significantly positive correlation existed between the gas
exchange flux of FLO and TOC concentration in the spring, summer and fall (p < 0.05)
(Table S6). However, there was a significant positive correlation between PAH emission
density and the deposition flux of total PAHs from air to soil in winter (p < 0.01) and
approximately 57% of the total spatial variation of the exchange flux was explained by PAH
emissions in winter (Fig. S10). A positive correlation was also found between the PAH
emission density and the evaporation flux of total PAHs from soil to air in summer (p <
0.01), but only 17% of the total spatial variation of the exchange flux was explained by PAH
emissions in summer (Fig. S10). In addition, PAH emission was not an evident influence to
air–soil gas exchange of total PAHs in spring and fall, but it was significantly correlated
with evaporation flux of ACY and ACE from soil to air in spring (Table S8). In winter, there
were more PAH emissions from residential heating, and the less efficient photochemical
degradation of PAHs in air and lower mixing heights favor the accumulation of PAHs in the
atmosphere, which resulted in more gaseous PAH deposition to soil from air. Low
temperatures in winter also resulted in less evaporation of gaseous PAHs from soil to air. In
summer, the air–soil gas exchange flux of PAHs can be influenced by rainfalls. High
temperatures in summer are also in favor of evaporation of gaseous PAHs from soil to air. In
summary, it appears that seasonality of the air–soil gas exchange fluxes of PAHs was
governed by emission, meteorological conditions and soil TOC. It should be noted that the
sampling heights varied among the sites and this difference may affect the PAH
concentrations in the air leading to uncertainty to the results of air–soil gas exchange. It is
recommended that more studies should be performed to address this effect quantitatively.

4. Conclusion
A median total PAH (gaseous and particulate phase) concentration of 349 ng/m3 was
measured at different sites in remote, rural village and urban areas of Beijing–Tianjin region
from 2007 to 2008 (222 ng/m3 for gaseous PAHs and 114 ng/m3 for particulate phase
PAHs). Higher PAH concentrations were measured in winter compared to other seasons.
PAH concentrations measured at the rural villages and urban sites in the northern mountain
region were significantly lower than those measured at sites in the southern plain for all
seasons. However, there was no significant difference in PAH concentrations between the
rural villages and urban sites in the northern and southern areas. This urban–rural
distribution pattern was related to the location of PAH emission sources and the population
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density distribution. The PAH emission sources alone explain 56%–77% of the spatial
variation in ambient air PAH concentrations. In summer, more gaseous PAHs evaporated
from soil to air because of higher temperatures and increased rainfall. However, in winter,
more gaseous PAHs deposited from air to soil due to higher PAH emissions and lower
temperatures. The soil TOC concentration had no significant influence on air–soil gas
exchange of PAHs.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Scatter plots of ambient air PAH concentrations and PAH emission density in spring,
summer, fall and winter. TP15 on the Y-axis represents the total PAH concentration (sum of
gas-phase and particulate-phase concentrations of the 15 PAHs). P15 on the X-axis
represents the emission density of the 15 PAHs.
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Fig. 2.
The individual PAH concentrations (gas-phase + particulate-phase PAHs) in background,
northern rural village, southern rural village, northern urban and southern urban areas in
spring, summer, fall and winter.
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Fig. 3.
Fugacity fraction (ff) values of individual PAHs for spring, summer, fall and winter (error
bar represents standard deviation of ff values).
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Fig. 4.
Air–soil exchange fluxes of gaseous PAHs in background, northern village, southern village,
northern urban and southern urban areas for four seasons. Negative flux values indicate the
air–soil exchange of PAHs is from soil to air and positive flux values indicate the air–soil
exchange of PAHs is from air to soil.
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