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[1] Eighteen polycyclic aromatic hydrocarbons (PAHs) were simultaneously measured in

surface seawater and boundary layer air from the North Paciﬁc toward the Arctic Ocean
during the Fourth Chinese National Arctic Research Expedition in the summer of 2010.
Atmospheric Σ18PAH ranged from 910 to 7400 pg m 3, with the highest concentrations
observed in the coastal regions of East Asia. Correlations of PAHs’ partial pressures versus
inverse temperature were not signiﬁcant, indicating the importance of ongoing primary
sources on ambient PAH levels in the remote marine atmosphere. The relatively high
atmospheric concentrations observed in the most northerly latitudes of the Arctic Ocean
suggest the inﬂuence of regional sources. For example, higher levels of particle-bound
PAHs were observed in the air of the Arctic Ocean than the North Paciﬁc, indicating forest
ﬁre and/or within-Arctic sources. Concentrations of PAHs in surface seawater were within
a range of 14–760 pg L 1 and generally decreased with increasing latitude. The observed
air-sea gas exchange gradients strongly favored net deposition of PAHs along the entire
cruise, with increasing deposition with increasing latitude, while the particle-bound dry
deposition ﬂuxes (particularly for the high molecular weight PAH) were highest at sample
sites close to East Asia. Based on characteristic PAH ratios, atmospheric PAHs originated
from the combustion of biomass or coal, while the ratios observed in seawater reﬂected a
mixture of sources. Given the dominance of primary emissions to the atmosphere and the
relatively fast removal of PAHs from the water column, then PAHs will continue to load
into the surface waters of the remote marine environment via atmospheric deposition.
Citation: Ma, Y., Z. Xie, H. Yang, A. Möller, C. Halsall, M. Cai, R. Sturm, and R. Ebinghaus (2013), Deposition of polycyclic
aromatic hydrocarbons in the North Pacific and the Arctic, J. Geophys. Res. Atmos., 118, 5822–5829, doi:10.1002/jgrd.50473.

1.

Introduction

[2] As a class of semivolatile organic compounds, polycyclic
aromatic hydrocarbons (PAHs) are carcinogenic and mutagenic pollutants originating from incomplete combustion
and pyrolysis of carbonaceous materials [Ding et al.,
2007; Okona-Mensah et al., 2005]. In addition to natural
sources, such as oil seeps and forest ﬁres, anthropogenic
sources such as fossil fuel and wood combustion still
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dominate emissions [Jaward et al., 2004a; Nizzetto et al.,
2008; Wild and Jones, 1995]. Another characteristic of
PAHs is their sorption to aerosol organic matter, with gasparticle partitioning inﬂuencing their atmospheric longrange transport (LRT) and environmental fate [Dachs and
Eisenreich, 2000; Lohmann and Lammel, 2004]. Due to
direct and indirect photolysis, PAHs are less stable during
atmospheric LRT than most other persistent organic pollutant
(POPs), which makes them a complementary group of
compounds for investigating the role of atmospheric persistence on the presence of POPs in remote oceans [Lohmann
et al., 2009].
[3] The Arctic Ocean, for example, receives POPs principally via atmospheric deposition and is no longer a pristine
environment free of anthropogenic contaminants [MacDonald
et al., 2000]. PAHs have been extensively monitored in ambient
air in some Arctic land-based stations (Alert, Yukon, and
Zeppelin), and several modeling studies have indicated
continental and transoceanic sources of PAHs from midlatitudes [Halsall et al., 1997; Hung et al., 2005; Sofowote et al.,
2011; Wang et al., 2010]. It is estimated that the annual
(2004) PAH emission from Asian countries contributed
~55% of the global atmospheric emission inventory of
PAHs, with the top two emitting countries being China and
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India, respectively [Zhang and Tao, 2009]. Ice core and
surface snow samples from the Greenland ice cap have further
demonstrated an increase of anthropogenic PAH deposition
over the last 100 years, which correlates strongly with the
historical record of world petroleum production. Therefore,
current PAH contamination is essentially due to fossil fuel
combustion with some inputs from biomass burning [Jaffrezo
et al., 1994; Kawamura et al., 1994], and this has been also
observed in high-altitude snow/ice cores in the European
Alps [Gabrieli et al., 2010].
[4] In addition to the atmospheric LRT process, surface
ocean currents are also considered to provide signiﬁcant
transfer routes to the Arctic due to ongoing deposition and
gaseous exchange between the atmosphere and seawater
[Iwata et al., 1993; Weber et al., 2006]. Simultaneous
observations of PAHs in open ocean air and water are rather
limited, despite the importance of biological exposure for
marine food webs and for controlling the global fate and
burden of these chemicals. Moreover, PAHs stored in surface
waters may be further controlled by the “biological pump”
and undergo uptake into the marine food chain, as well as
degradation and removal via carbon export to the deeper
oceans, which is traditionally considered as the ﬁnal sink
for organic pollutants [Jaward et al., 2004b]. However, it
has been suggested that as primary sources of POPs are
reduced, then remote areas like the Arctic Ocean may play a
role as a secondary source, resulting in reemission of POPs
through exchange between air and water [Cai et al., 2012;
Lohmann et al., 2009]. Therefore, for PAHs, the role of oceans
as an exchanging compartment with air and/or permanent sink
is not fully understood and requires investigation.
[5] To improve the knowledge of the global PAH distribution and the role of atmosphere and ocean on the longrange transport and fate of PAHs, marine boundary layer
air and surface seawater samples were collected during the
Fourth Chinese National Arctic Research Expedition
(CHINARE2010) from East Asia to the High Arctic
(35 N–82 N). In this study, the occurrence of 18 PAHs in
air and seawater is presented, together with their latitudinal
distribution as well as an assessment of their dry deposition
and air-water gas exchange along a transect from the North
Paciﬁc to the Arctic Ocean.

2.

Experimental Section

2.1. Sampling Cruise
[6] Air and seawater samples were taken from the East
China Sea to the High Arctic (33.23 N–84.5 N) during an
Arctic expedition of the research ice-breaker R/V Xuelong
(Snow Dragon) between June and September 2010. Air
samples (~500 m3 per sample, 17 samples) were taken via a
high-volume air sampler placed at the front of the ship’s
upper deck (20 m, across the bow). The air sampler was well
removed from the potential contamination sources such as
the ship’s stack/exhaust and only operated under a prevailing
headwind. The sample media consisted of a glass ﬁber ﬁlter
(GFF) (GF/F, diameter: 135 mm, pore size: 0.7 mm) to trap
airborne particles, followed by a self-packed PUF/XAD-2
glass column [1 piece polyurethane slice: 2 cm  5 cm
and 35 g XAD-2 resin (particle size: 0.3–1.0 mm)] to collect
PAHs in the gaseous phase. The glass columns and ﬁlters
were stored at 20 C until analysis. Seawater samples

(176–1120 L per sample, 18 samples) were taken using the
ship’s intake system (stainless steel pipe line) through a sampler
consisting of a GFF (GF/C, 142 mm, pore size: 1.2 mm)
followed by a self-packed PAD-3 glass column [length:
250 mm, OD: 30 mm, ID: 25 mm, 30 g PAD-3 resin (particle size: 0.3–1.0)]. The ﬁlters were stored at 20 C and the
columns at 4 C until analysis. Air and seawater samples
were taken together and broadly overlap in both time and
space. The dates, positions, temperatures, and wind speeds
during the sampling periods are listed in Tables A1 and
A2 in the supporting information.
2.2. Material and Reagents
[7] The PAH compounds (Dr. Ehrenstorfer, Germany)
measured in this study were as follows (abbreviations in
parentheses): naphthalene (Nap), 1-methylnaphthalene (1MN),
2-methylnaphthalene (2MN), acenaphthylene (Acl), acenaphthene (Ace), ﬂuorene (Flu), phenanthrene (Phe), anthracene
(Ant), ﬂuoranthene (Fluor), pyrene (Py), benzo[a]anthracene
(BaA), chrysene (Chry), benzo[b]ﬂuoranthene (BbF), benzo
[k]ﬂuoranthene (BkF), benzo[a]pyrene (BaP), indeno[1,2,3cd]pyrene (IP), dibenz[a,h]anthracene (DBahA), and benzo
[ghi]perylene (BghiP). All solvents (methanol, acetone,
dichloromethane, and n-hexane) were residue grade and were
distilled further in an all-glass unit prior to use. All glassware
was cleaned with Milli-Q water and acetone and then baked
out at 250 C for 10 h.
2.3. Sample Extraction and Cleanup
[8] Extraction and cleanup of the samples was based on
our previously published method [Zhong et al., 2012].
Brieﬂy, samples were spiked with internal standards d10acenaphthene and d12-perylene (10 mL  1 ng mL 1) prior
to extraction, then Soxhlet extracted and puriﬁed on a 10%
water-deactivated silica column (25 cm  1 cm ID glass
column packed with 2.5 g silica gel + 3 g Na2SO4). The ﬁrst
fraction, eluted with 20 ml n-hexane, was collected and
concentrated to 50 mL. Samples were spiked with an injection
standard 13C12-PCB-208 (500 pg) prior to gas chromatography–
mass spectroscopy (GC-MS) analysis. Analysis was performed
on a GC-MS instrument (6890 GC/5975 MSD) operating in
electron impact mode. The m/z values monitored for quantiﬁcation and quality control are summarized in Table S3 in
the supporting information.
2.4. QA/QC
[9] Sampling columns were preextracted with methanol
(48 h), acetone (48 h), and hexane + acetone (1 + 1 v/v)
(48 h) in turn. GFFs were baked out at 450 C for 8 h.
Na2SO4 and silica gel (particle size: 60 mesh) were extracted
with dichloromethane for 24 h and then baked out at 450 C
for 8 h. The air columns were protected against UV light
using aluminum foil to avoid degradation of the target
compounds during sampling. Water samples were pumped
at 10 m depth (0.5 m beneath the keel of the Xuelong).
Three PUF/XAD-2 columns, three PAD-3 columns, and ﬁve
GFF ﬁlters were prepared for ﬁeld blanks on board like
handling the sampling material on site. Blank samples were
transported together with the samples back to the laboratory
(Helmholtz-Centre Geesthacht, Germany). Method detection limits were derived from the mean blank values plus
three times the standard deviation (s) and are summarized
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Figure 1. Concentrations of gas- and particulate-phase PAHs in the atmosphere (Σ18[PAHs]atm) along the
sampling cruise.
in Table S3 in the supporting information. Recoveries
of internal standards d10-acenaphthene and d12-perylene
were 77  16% and 138  21% in the gaseous phase,
92  8% and 116  9% in GFFs, and 93  15% and
123  11% in the dissolved phase of water, respectively.
Sample results were not corrected for recoveries and
blank values.
2.5. Air Mass Back Trajectories
[10] The air mass origins of individual air samples along
the cruise were evaluated using air mass back trajectories
(BTs) calculated by the NOAA HYSPLIT model [Draxler
and Hess, 1997]. Air mass back trajectories (BTs) were
calculated in 6 h steps tracing back the air masses for 5 days
using the sampling height as the arrival height (see Figure S1
for individual BTs).

3.

Results and Discussion

3.1. Atmospheric Concentration Trends
[11] The sums of atmospheric concentrations of 18 PAHs
(Σ18[PAHs]atm) ranged from 910 to 7400 pg m 3, with a
mean of 3300  1700 pg m 3 during the entire cruise. The
gas-phase PAHs (910–7400 pg m 3) were much higher than
those of the particulate phase (0.2–360 pg m 3). Generally,
the two- to four-ringed PAHs, from Nap to Py, occurred
predominantly in the gas phase (83%–100%); Nap and its
alkylated derivates (1MN and 2MN) contributed >50% to
Σ18[PAHs]atm. The heavier compounds (ﬁve- to six-ringed
PAHs), particularly BbF, BkF, BaP, and BghiP, were mainly
detected in the particulate phase (55%–78%, Table S4). The
spatial distribution of Σ18[PAHs]atm (gas + particulate) from
33 N to 84 N is shown in Figure 1. The observed mean

concentrations of Σ18[PAHs]atm were highest in East Asia
(30 N–48 N, 4000 pg m 3), followed by those in the
Arctic Ocean (>70 N, 3400 pg m 3) and the North Paciﬁc
Ocean (50 N–66 N, 2400 pg m 3). Compared with
measurements taken during 2003 in the same regions, our
results were signiﬁcantly lower for both particulate and gas
phases [Ding et al., 2007]. Though only a few individual
PAHs were reported in a north-south Atlantic transect
[Jaward et al., 2004a; Nizzetto et al., 2008], the PAH levels
of this study are comparable to these data (Table A6a in
the supporting information). Moreover, our results are comparable to the PAHs measured in Lohmann et al. (i.e., a westto-east transect across the tropical Atlantic Ocean) with 10s
to 1000s pg m 3 for Phe and 10s to 100s pg m 3 for Py,
Fluro, and Flu [Lohmann et al., 2013]. For this study, comparison of PAH data with those acquired from other remote/
marine expeditions is essential. This is because ship-based
surveillance for organic compounds, like PAHs, runs the
risk of contamination artifacts. For PAHs, both fuel-based
evaporation (petrogenic source) and combustion (pyrolytic,
e.g., ship’s stack) sources may interfere with measurements
conducted in background remote/marine air. Importantly,
the levels found in our study in the Arctic are comparable
to the historic results of the Arctic land-based monitoring
stations (e.g., Alert, Tagish, and Dunai during 1992–2000)
[Halsall et al., 1997; Hung et al., 2005]. Speciﬁcally,
compared with recent PAH data acquired at Alert in the
summer of 2009, our results are a little higher but are still
comparable (Table S6b in the supporting information).
Similarly, in comparison with data acquired from a shipbased campaign in the Atlantic/Arctic Ocean area
(Table S6b in the supporting information) [Lohmann et al.,
2009], our PAH levels are clearly lower. However, in that
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study, the authors admitted that their samples were strongly
affected by fuel vapors from the ship. In our study, precautions were taken to minimize this artifact by only using data
for air samples that were taken under favorable headwind
conditions (i.e., at the front of the ship’s upper deck, across
the bow). The air sampler was also located away from obvious contamination sources like the exhaust stack and fueling systems. In view of the comparable concentrations we
observed with the Alert data, we consider that contamination from the ship itself to be negligible.
[12] The gas-phase PAHs showed two very high concentrations over the Sea of Japan (6600 pg m 3 at site A1 and
7400 pg m 3 at site A2), and the particulate-phase PAHs also
displayed one extremely high concentration at site A1
(360 pg m 3), in which the air mass mainly originated from
the northwest coast of Japan, east coast of Korea, and the
close-by terrestrial regions as indicated by the air mass back
trajectories (Figure S1 in the supporting information). High
PAH levels and emissions have been already observed in
East Asian areas [Ohura et al., 2004; Primbs et al., 2007].
It was reported that the ratios of a more reactive PAH to a less
reactive PAH, such as Ant/Phe and BaA/Chry, could be used
to illustrate whether the air masses collected were fresh or
aged [Ding et al., 2007]. These four isomer values and their
ratios were particularly high at site A1 (Ant/Phe = 0.24,
BaA/Chry = 1.03; Table S7 in the supporting information),
indicating that the air masses sampled at this site were relatively fresh from the adjacent continental source areas.
[13] The natural logarithm of the partial pressure [ln P
(atm)] of more volatile two- to three-ringed PAHs versus 1/
T was plotted to investigate relationship between [PAHs]atm
and ambient temperature (T). It is suggested that a signiﬁcant
correlation would indicate conditions close to air-water equilibrium, in this case, air-water gaseous exchange controlling
atmospheric concentrations in the marine environment
[Wania et al., 1998]. However, no signiﬁcant relationships
were observed for all two- to three-ringed PAHs along the
cruise (Figure S2 in the supporting information). This might
be due to the relatively short atmospheric lifetimes of gasphase PAHs and also demonstrate the importance of their
ongoing release from primary sources, whereby PAHs in
the marine boundary layer are not in equilibrium with the
surface seawater. Nizzetto et al. [2008] also found no
relationship between ln P and 1/T for PAHs measured along
a north-south Atlantic transect. Therefore, this indicates the
importance of ongoing release of PAHs from primary sources
and indicates continuous atmospheric LRT of volatile PAHs
from temperate latitudes to more remote regions.
[14] The spatial distribution of ﬁve- to six-ringed PAHs on
particles (Σ6[PAHs]part-atm, including BbF, BkF, BaP, IP,
DBahA, and BghiP) is shown in Figure 2. For most of these
heavier compounds, the average fraction in the gas phase
was less than 40%. There was a marked decrease in concentrations from East Asia (8.3 pg m 3) to the North Paciﬁc
(1.9 pg m 3), although a slight increase was observed in
the Arctic Ocean (3.4 pg m 3). A fate model presented by
Halsall et al. [2001] showed that lighter compounds would
be able to reach the Arctic, while most of the heavier compounds (originating from the same source region in NW
Europe) would be removed from the atmosphere before
reaching the Arctic, either by reaction with OH radicals or
by dry and wet deposition along the transport pathway

[Halsall et al., 2001; Hung et al., 2005]. Therefore, the
signiﬁcant decreasing trends of these ﬁve- to six-ringed
PAHs on particles from East Asia to the North Paciﬁc might
be attributed to their lower atmospheric LRT potential.
The increase in concentrations in the Arctic indicates the
likelihood of other PAH sources within this region. Natural
sources, such as summertime forest ﬁres in subarctic parts of
Alaska, Canada, Russia, and Siberia, during summer can result
in the episodic input of PAHs and other pollutants to the Arctic
atmosphere [Becker et al., 2006; Eckhardt et al., 2007;
Halsall et al., 1997; Masclet et al., 2000]. It is reported
that a series of wildﬁres broke out in Russia starting in late
July 2010 [Mei et al., 2012]. Thus, these regional sources
may have affected PAH concentrations in Arctic Ocean air
during the cruise period.
3.2. Spatial Distribution of PAHs in Surface Seawater
[15] PAHs concentrations in seawater (Σ18[PAHs]wat)
ranged from 14 to 760 pg L 1 (dissolved + particulate)
and showed a lower frequency of detection compared to the
atmosphere. Most of the PAHs were found in the dissolved
phase (Table S5 in the supporting information), which was
dominated by the lower molecular weight (MW) compounds
of 2MN, Phe, and Py, contributing about 50% to the
dissolved Σ18[PAHs]wat. Concentrations of ﬁve- to sixringed PAH species were extremely low, with average
concentrations ≤1 pg L 1. Compared with the north-south
transect of the eastern Atlantic Ocean, our reported concentrations were lower than those detected in the Northern
Hemisphere of the eastern Atlantic Ocean (670–1000 pg
L 1) and were comparable to the levels found in the
Southern Hemisphere (58–400 pg L 1) [Nizzetto et al.,
2008], but higher than those previously observed in remote
subarctic areas (<5.0–65 pg L 1) [Schulz-Bull et al., 1998].
[16] Figure 3 shows the spatial distribution of Σ18[PAHs]wat
(dissolved + particulate) from East Asia to the Arctic Ocean
(33 N–84 N). Generally, we observed a decrease in Σ18
[PAHs]wat with increasing northerly latitude. The observed
mean concentrations of Σ18[PAHs]wat were 150  270 pg
L 1 in East Asia (35 N–48 N), 76  46 pg L 1 in the North
Paciﬁc Ocean (50 N–68 N), and 37  18 pg L 1 in the
Arctic Ocean (>70 N). These trends indicate that PAHs are
effectively removed by biogeochemical processes in the water
column. The highest concentrations in bulk water were
observed in East Asia, at site W1 in the vicinity of Korea
and Japan. The high PAH levels in these “hot spots” were
consistent with those observed in the atmosphere, suggesting
that atmospheric deposition/air-water exchange exerts a strong
inﬂuence on PAHs in seawater. Meanwhile, for certain PAHs,
additional sources to seawater might also exist, such as river
outﬂow and potential point sources such as coastal wastewater
treatment plants (WWTPs) and ship ballast. Another relatively
high concentration was observed near Russia (140 pg L 1 at
site W2), although the sampling location was well removed
from the coastline.
3.3. Source Identiﬁcation
[17] Two different molecular diagnostic ratios (MDRs)
were calculated to estimate the inﬂuence of potential sources,
but these should be interpreted with caution due to different
environmental processing of the isomers during transport
processes [Galarneau, 2008]. As shown in Figure 4, the
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Figure 2. Concentrations of ﬁve- to six-ringed particulate-phase PAHs and BaP in the atmosphere along
the sampling cruise.
ratios of Fluor/(Fluor + Py) and InP/(BghiP + InP) in the
atmosphere ranged from 0.50 to 0.76 and from 0.47 to 0.85,
respectively, indicating a combustion of biomass or coal origin
[Yunker et al., 2002]. This conclusion is consistent with the

observations over the same water body as our study during
the CHINARE2003 cruise [Ding et al., 2007]. Compared with
other regions investigating the sources of PAHs, a mixed
combustion of biomass and fossil fuel was also suggested as

Figure 3. Concentrations of dissolved- and particulate-phase PAHs in seawater (Σ18[PAHs]wat) along the
sampling cruise.
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Figure 4. Ratios of InP/(BghiP + InP) versus Fluor/
(Fluor + Py) in the atmosphere and seawater.
a source of PAHs observed in the atmosphere of the northern
Indian Ocean as well as surface snow on the Greenland ice
cap [Crimmins et al., 2004; Jaffrezo et al., 1994]. However,
in the North Atlantic Ocean, a petrogenic source has been
suggested [Lohmann et al., 2009]. Nonetheless, for seawater,
these two ratios, as shown in Figure 4, show a good deal of
scatter. Speciﬁcally, the ratios of Fluor/(Fluor + Py) and InP/
(BghiP + InP) in the seawater ranged from 0.13 to 0.62 and
from 0.20 to 0.83, respectively, suggesting a well-mixed
source proﬁle of petrogenic, biomass combustion as well as
coal and liquid fossil fuel origin. Hence, part of the seawater
and atmospheric PAHs share the same source proﬁle, which
to some extent might be due to air-sea gas exchange and deposition, while part of the potential source of PAHs in the surface
water and atmosphere were uncoupled. Studies in the North
Atlantic Ocean implied a pyrogenic origin [with Fluor/
(Fluor + Py) of 0.9–1.0 and about 0.6] [Lohmann et al.,
2009; Schulz-Bull et al., 1998], while in a recent cruise
following a west-to-east transect across the tropical Atlantic
Ocean, trafﬁc emissions and petroleum products were implied
through the use of MDR [with Fluor/(Fluor + Py) ratios of
0.1–0.5] [Lohmann et al., 2013].
3.4. Atmospheric Deposition
[18] To estimate the inﬂuence of air-seawater coupling and
the atmospheric input of PAHs into the ocean, we calculated
the air-seawater gas exchange and estimated the particlebound dry deposition ﬂuxes of PAHs into the ocean. To
estimate the direction (or equilibrium status) of the air-sea
gas exchange of PAHs (particularly for the low MW twoto three-ringed PAHs), the fugacity ratio (FR) fa/fw was
calculated, and the exchange ﬂux (Faw) was estimated with
the modiﬁed version of the Whitman two-ﬁlm resistance
model (the calculation details are provided in the supporting
information) [Bamford et al., 2002; Schwarzenbach et al.,
2003]. Results of calculated FR values at different latitudes
are shown in Table S8 in the supporting information. Slight
volatilization trends were observed for 2MN, 1MN, and
Ace at site W1 in the vicinity of coastal regions of Korea
and Japan. Water samples collected in this area exhibited
the highest PAH levels during the entire cruise. The effect
of volatilization from coastal waters with high PAH levels
has been recently reported in other PAH-impacted regions

such as Narragansett Bay (USA) and the southeast
Mediterranean [Castro-Jimenez et al., 2012; Lohmann
et al., 2011]. Such slight volatilization trends might indicate
the existence of some additional sources of PAHs to
seawater, such as riverine runoff, ship ballast, and potential
point sources such as WWTPs. With the exception of 2MN,
1MN, and Ace at site W1, air-sea gas exchange of all
PAHs was strongly dominated by net deposition along the
entire transect (note that for BaA, Chry, and the ﬁve- to
six-ringed PAHs, the fugacity ratios are largely hypothetical
as the gas phase is negligible). Similarly, PAHs were
observed to be mostly undergoing net deposition across
the tropical Atlantic Ocean during the summer of 2009
[Lohmann et al., 2013].
[19] The estimated air-sea gas exchange ﬂuxes are shown
in Table S8 in the supporting information. Generally, the
two- to four-ringed PAHs nearly accounted for all the ﬂuxes
(>99%), consistent with their dominant contribution to the
gas phase Σ18[PAHs]. On the whole, the highest deposition
ﬂuxes were observed in the Arctic region, with the average
individual deposition ﬂux ranging from 0.14  0.071 ng
m 2 d 1 for BaP to 300  180 ng m 2 d 1 for 2MN, which
might be driven by relatively low seawater concentrations
and high atmospheric gas concentrations (Figure 5). It is
noteworthy that some three- and four-ringed compounds
(MW 166–202) all exhibited extremely high deposition
ﬂuxes at site W1, even higher than the northernmost site of
W11. The notably high atmospheric concentrations at this
site will contribute to such high deposition.
[20] To investigate the particle-bound deposition ﬂux of
PAHs, we estimated the dry particle-bound deposition ﬂux using
deposition velocities of 0.3 cm s 1 for the East Asia region and
0.1 cm s 1 for both North Paciﬁc Ocean and the Arctic based on
summertime particle size distributions observed in these different geographical regions (see the supporting information for
details). The dry deposition ﬂux is shown in Table A9 in the
supporting information and Figure 6. Precipitation was not
encountered during the cruise period, so wet deposition was
not considered. Generally, the dry deposition ﬂuxes were
signiﬁcantly lower than the air-sea gas exchange ﬂuxes but are
likely to be more relevant given the low gas-phase fraction for
some chemicals. Unlike the gaseous deposition, the highest
dry particle deposition ﬂuxes for all PAH species were observed

Figure 5. Accumulated (sum) air-sea gas exchange ﬂuxes
of top nine PAHs versus latitude along the sampling transect.
Negative ( ) ﬂux indicates deposition into the water column.
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Figure 6. Accumulated (sum) particle-bound dry deposition ﬂuxes of top eight PAHs and BaP versus latitude along
the sampling transect. Negative ( ) ﬂux indicates deposition
into the water column.
in the East Asia region, especially at site A1 due to the high
particle-bound concentrations (from 0.1 pg m 3 for Acl to
127 pg m 3 for Fluor), with the individual deposition ﬂuxes
ranging from 0.05 ng m 2 d 1 for Acl to 33 ng m 2 d 1 for
Fluor. Moreover, the dry deposition ﬂuxes in the Arctic were
higher than those in the North Paciﬁc regions. Meanwhile, the
dry particle deposition ﬂuxes dominated for the heavier fourto ﬁve-ringed PAHs, contributing >90% to the overall depositional ﬂux. As compared with other studies, both the air-sea
gas exchange and dry deposition ﬂuxes of our study were higher
than those determined along a north-south Atlantic transect
[Nizzetto et al., 2008] but lower than the Mediterranean Sea
[Castro-Jimenez et al., 2012].
[21] In the remote marine environment, the net ﬂux of POPs
is typically of the route air–surface waters–deeper waters, where
the deep ocean serves as the oceanic sink [Jaward et al., 2004b].
For halogenated POPs such as the organochlorine pesticides,
then air-water transfer is driven by a concentration gradient that
favors either net deposition, equilibrium, or net volatilization.
In the case of a-HCH, for example, net deposition in northerly
latitudes like the Arctic has been reversed in recent years due
to the decline in concentrations in the atmosphere [Dachs
et al., 2002; Lohmann et al., 2009]. In the same cruise of this
study, we discovered that a-HCH underwent an iterative
process consisting of deposition, volatilization into the atmosphere, and redeposition against a background of reducing
primary emissions and climate change [Cai et al., 2012].
However, for the nonpersistent organic compounds, such as
PAHs, such a phenomenon has not been reported. In our
study, strong net deposition dominated the marine transect
from East Asia to the Arctic. If there was substantial
reemission from the surface water to the atmosphere, then a
relationship with ambient temperature should exist [Jaward
et al., 2004a], and yet in our results, no signiﬁcant relationships between any volatile PAHs in the atmosphere and ambient temperature were evident (Figure S2 in the supporting
information). Rather, proximity to potential continental source
regions like East Asia, where high PAH concentrations were
observed, and the inﬂuence of seasonal and regional sources
(i.e., forest ﬁres) in the Arctic appear to be the controlling

factors. Hence, primary sources, rather than secondary
sources, broadly control the ambient PAH concentrations over
the entire cruise. In addition to high atmospheric concentrations, relatively low PAH concentrations in the surface water
will also drive a concentration gradient that favors gas-phase
deposition. Phytoplankton blooms followed by the growing
of zooplankton take place during spring and summer across
the study region, which will result in an enhanced vertical
transport of dead planktonic algae down the water column.
The large quantity of settling particulate matter is likely to strip
sparingly soluble PAHs from surface waters to deeper waters
[Witt, 2002]. Furthermore, growing biomass might also lead
to higher biodegradation rates of PAHs present in surface waters. PAHs do not bioaccumulate in zooplankton due to efﬁcient metabolization, especially for the lower MW PAHs.
Berrojalbiz et al. [2011] have recently demonstrated that low
MW PAHs can be efﬁciently metabolized by zooplankton,
suggesting that this process is an important sink for PAHs in
the pelagic environment [Berrojalbiz et al., 2009, 2011].
Depletion of low MW PAHs in the water column has been observed in studies conducted in the Mediterranean Sea, which
was attributed to possible degradation processes [Dachs
et al., 1997]. Thus, once atmospheric PAHs are deposited into
surface seawater, both physical and biological removal processes in the water column will inﬂuence air-water transfer.
The relatively high atmospheric concentrations near temperate primary source regions and the low surface seawater
concentrations induced strong deposition of gas-phase PAHs
in our study area. It is therefore likely that PAHs will continue
to load into surface seawater in the remote pelagic environment with particle deposition of the higher MW PAHs relatively more signiﬁcant near temperate source regions.
[22] Acknowledgments. We wish to express our sincere gratitude to
all the members of the Fourth Chinese National Arctic Research
Expedition. This research was supported by the National Natural Science
Foundation of China (40776003) and the Science Foundation of Shanghai
Municipal Government (12ZR1434800). We thank Peng Huang (Xiamen
University) for ﬁeld sampling, Wenying Mi (HZG) for sample analysis,
Volker Matthias (HZG) for help with plotting the BTs, Northern
Contaminants Program (Aboriginal Affairs and Northern Development
Canada) and Hayley Hung (Environment Canada) for providing the PAH
data from the NCP air station at Alert, Canada, and the Chinese National
Arctic and Antarctic Data Center (http://www.chinare.org.cn) for providing
the meteorological data.

References
Bamford, H. A., F. C. Ko, and J. E. Baker (2002), Seasonal and annual airwater exchange of polychlorinated biphenyls across Baltimore Harbor
and the Northern Chesapeake Bay, Environ. Sci. Technol., 36(20),
4245–4252.
Becker, S., et al. (2006), Resolving the long-term trends of polycyclic
aromatic hydrocarbons in the Canadian Arctic atmosphere, Environ. Sci.
Technol., 40(10), 3217–3222.
Berrojalbiz, N., S. Lacorte, A. Calbet, E. Saiz, C. Barata, and J. Dachs
(2009), Accumulation and cycling of polycyclic aromatic hydrocarbons
in zooplankton, Environ. Sci. Technol., 43(7), 2295–2301.
Berrojalbiz, N., J. Dachs, M. J. Ojeda, M. C. Valle, J. Castro-Jimenez,
J. Wollgast, M. Ghiani, G. Hanke, and J. M. Zaldivar (2011),
Biogeochemical and physical controls on concentrations of polycyclic
aromatic hydrocarbons in water and plankton of the Mediterranean and
Black Seas, Global Biogeochem. Cycles, 25, GB4003.
Cai, M. H., Y. X. Ma, Z. Y. Xie, G. C. Zhong, A. Moller, H. Z. Yang,
R. Sturm, J. F. He, R. Ebinghaus, and X. Z. Meng (2012), Distribution
and air-sea exchange of organochlorine pesticides in the North Paciﬁc
and the Arctic, J. Geophys. Res., 117, D06311, doi:10.1029/
2011JD016910.
Castro-Jimenez, J., N. Berrojalbiz, J. Wollgast, and J. Dachs (2012),
Polycyclic aromatic hydrocarbons (PAHs) in the Mediterranean Sea:

5828

MA ET AL.: AIR-SEA EXCHANGE OF PAHS IN THE ARCTIC
Atmospheric occurrence, deposition and decoupling with settling ﬂuxes in
the water column, Environ. Pollut., 166, 40–47.
Crimmins, B. S., R. R. Dickerson, B. G. Doddridge, and J. E. Baker (2004),
Particulate polycyclic aromatic hydrocarbons in the Atlantic and Indian
Ocean atmospheres during the Indian Ocean Experiment and
Aerosols99: Continental sources to the marine atmosphere, J. Geophys.
Res., 109, D05308, doi:10.1029/2003JD004192.
Dachs, J., and S. J. Eisenreich (2000), Adsorption onto aerosol soot carbon
dominates gas-particle partitioning of polycyclic aromatic hydrocarbons,
Environ. Sci. Technol., 34(17), 3690–3697.
Dachs, J., J. M. Bayona, C. Raoux, and J. Albaigés (1997), Spatial, vertical
distribution and budget of polycyclic aromatic hydrocarbons in the western Mediterranean seawater, Environ. Sci. Technol., 31(3), 682–688.
Dachs, J., R. Lohmann, W. A. Ockenden, L. Mejanelle, S. J. Eisenreich, and
K. C. Jones (2002), Oceanic biogeochemical controls on global dynamics
of persistent organic pollutants, Environ. Sci. Technol., 36(20), 4229–4237.
Ding, X., X. M. Wang, Z. Q. Xie, C. H. Xiang, B. X. Mai, L. G. Sun,
M. Zheng, G. Y. Sheng, J. M. Fu, and U. Poschl (2007), Atmospheric
polycyclic aromatic hydrocarbons observed over the North Paciﬁc
Ocean and the Arctic area: Spatial distribution and source identiﬁcation,
Atmos. Environ., 41(10), 2061–2072.
Draxler, R. R., and G. D. Hess (1997), Description of the HYSPLIT_4
Modeling System, NOAA Tech. Memo ERL ARL-224, NOAA Air
Resources Laboratory, Silver Spring, Md., 24 pp.
Eckhardt, S., K. Breivik, S. Mano, and A. Stohl (2007), Record high peaks in
PCB concentrations in the Arctic atmosphere due to long-range transport
of biomass burning emissions, Atmos. Chem. Phys., 7(17), 4527–4536.
Gabrieli, J., et al. (2010), Post 17th-century changes of European PAH
emissions recorded in high-altitude alpine snow and ice, Environ. Sci.
Technol., 44(9), 3260–3266.
Galarneau, E. (2008), Source speciﬁcity and atmospheric processing of
airborne PAHs: Implications for source apportionment, Atmos. Environ.,
42(35), 8139–8149.
Halsall, C. J., L. A. Barrie, P. Fellin, D. C. G. Muir, B. N. Billeck,
L. Lockhart, F. Y. Rovinsky, E. Y. Kononov, and B. Pastukhov (1997),
Spatial and temporal variation of polycyclic aromatic hydrocarbons in
the Arctic atmosphere, Environ. Sci. Technol., 31(12), 3593–3599.
Halsall, C. J., A. J. Sweetman, L. A. Barrie, and K. C. Jones (2001),
Modelling the behaviour of PAHs during atmospheric transport from the
UK to the Arctic, Atmos. Environ., 35(2), 255–267.
Hung, H., et al. (2005), Temporal and spatial variabilities of atmospheric
polychlorinated biphenyls (PCBs), organochlorine (OC) pesticides and
polycyclic aromatic hydrocarbons (PAHs) in the Canadian Arctic: Results
from a decade of monitoring, Sci. Total Environ., 342(1–3), 119–144.
Iwata, H., S. Tanabe, N. Sakal, and R. Tatsukawa (1993), Distribution of
persistent organochlorines in the oceanic air and surface seawater and
the role of ocean on their global transport and fate, Environ. Sci. Technol.,
27(6), 1080–1098.
Jaffrezo, J. L., M. P. Clain, and P. Masclet (1994), Polycyclic aromatichydrocarbons in the polar ice of Greenland—Geochemical use of these
atmospheric tracers, Atmos. Environ., 28(6), 1139–1145.
Jaward, F. M., J. L. Barber, K. Booij, and K. C. Jones (2004a), Spatial
distribution of atmospheric PAHs and PCNs along a north-south Atlantic
transect, Environ. Pollut., 132(1), 173–181.
Jaward, F. M., J. L. Barber, K. Booij, J. Dachs, R. Lohmann, and K. C. Jones
(2004b), Evidence for dynamic air-water coupling and cycling of persistent organic pollutants over the open Atlantic Ocean, Environ. Sci.
Technol., 38(9), 2617–2625.
Kawamura, K., I. Suzuki, Y. Fujii, and O. Watanabe (1994), Ice core record
of polycyclic aromatic hydrocarbons over the past 400 years,
Naturwissenschaften, 81, 502–505.
Lohmann, R., and G. Lammel (2004), Adsorptive and absorptive contributions to the gas-particle partitioning of polycyclic aromatic hydrocarbons:
State of knowledge and recommended parametrization for modeling,
Environ. Sci. Technol., 38(14), 3793–3803.
Lohmann, R., R. Gioia, K. C. Jones, L. Nizzetto, C. Temme, Z. Xie,
D. Schulz-Bull, I. Hand, E. Morgan, and L. Jantunen (2009), Organochlorine
pesticides and PAHs in the surface water and atmosphere of the North
Atlantic and Arctic Ocean, Environ. Sci. Technol., 43(15), 5633–5639.

Lohmann, R., M. Dapsis, E. J. Morgan, V. Dekany, and P. J. Luey (2011),
Determining air-water exchange, spatial and temporal trends of freely
dissolved PAHs in an urban estuary using passive polyethylene samplers,
Environ. Sci. Technol., 45(7), 2655–2662.
Lohmann, R., J. Klanova, P. Pribylova, H. Liskova, S. Yonis, and
K. Bollinger (2013), PAHs on a west-to-east transect across the tropical
Atlantic Ocean, Environ. Sci. Technol., 47(6), 2570–2578.
MacDonald, R. W., et al. (2000), Contaminants in the Canadian Arctic: 5
years of progress in understanding sources, occurrence and pathways,
Sci. Total Environ., 254(2–3), 93–234.
Masclet, P., V. Hoyau, J. L. Jaffrezo, and H. Cachier (2000), Polycyclic
aromatic hydrocarbon deposition on the ice sheet of Greenland. Part I:
Superﬁcial snow, Atmos. Environ., 34(19), 3195–3207.
Mei, L., et al. (2012), Integration of remote sensing data and surface
observations to estimate the impact of the Russian wildﬁres over Europe
and Asia during August 2010 (vol 8, pg 3771, 2011), Biogeosciences,
9(1), 41–45.
Nizzetto, L., R. Lohmann, R. Gioia, A. Jahnke, C. Temme, J. Dachs,
P. Herckes, A. Di Guardo, and K. C. Jones (2008), PAHs in air and
seawater along a north-south Atlantic transect: Trends, processes and
possible sources, Environ. Sci. Technol., 42(5), 1580–1585.
Ohura, T., T. Amagai, M. Fusaya, and H. Matsushita (2004), Spatial distributions and proﬁles of atmospheric polycyclic aromatic hydrocarbons in
two industrial cities in Japan, Environ. Sci. Technol., 38(1), 49–55.
Okona-Mensah, K. B., J. Battershill, A. Boobis, and R. Fielder (2005),
An approach to investigating the importance of high potency polycyclic
aromatic hydrocarbons (PAHs) in the induction of lung cancer by air pollution, Food Chem. Toxicol., 43(7), 1103–1116.
Primbs, T., S. Simonich, D. Schmedding, G. Wilson, D. Jaffe, A. Takami,
S. Kato, S. Hatakeyama, and Y. Kajii (2007), Atmospheric outﬂow of
anthropogenic semivolatile organic compounds from East Asia in spring
2004, Environ. Sci. Technol., 41(10), 3551–3558.
Schulz-Bull, D. E., G. Petrick, R. Bruhn, and J. C. Duinker (1998),
Chlorobiphenyls (PCB) and PAHs in water masses of the northern North
Atlantic, Mar. Chem., 61, 101–114.
Schwarzenbach, R. P., P. M. Gschwend, and D. M. Imboden (2003),
Environmental Organic Chemistry, John Wiley, New Jersey.
Sofowote, U. M., H. Hung, A. K. Rastogi, J. N. Westgate, P. F. Deluca,
Y. S. Su, and B. E. McCarry (2011), Assessing the long-range transport
of PAH to a sub-Arctic site using positive matrix factorization and potential source contribution function, Atmos. Environ., 45(4), 967–976.
Wang, R., S. Tao, B. Wang, Y. Yang, C. Lang, Y. X. Zhang, J. Hu, J. M. Ma,
and H. Hung (2010), Sources and pathways of polycyclic aromatic hydrocarbons transported to alert, the Canadian High Arctic, Environ. Sci.
Technol., 44(3), 1017–1022.
Wania, F., J. E. Haugen, Y. D. Lei, and D. Mackay (1998), Temperature
dependence of atmospheric concentrations of semivolatile organic
compounds, Environ. Sci. Technol., 32(8), 1013–1021.
Weber, J., C. J. Halsall, D. C. G. Muir, C. Teixeira, D. A. Burniston,
W. M. J. Strachan, H. Hung, N. Mackay, D. Arnold, and H. Kylin
(2006), Endosulfan and gamma-HCH in the Arctic: An assessment of
surface seawater concentrations and air-sea exchange, Environ. Sci.
Technol., 40(24), 7570–7576.
Wild, S. R., and K. C. Jones (1995), Polynuclear aromatic-hydrocarbons in
the United-Kingdom environment—A preliminary source inventory and
budget, Environ. Pollut., 88(1), 91–108.
Witt, G. (2002), Occurrence and transport of polycyclic aromatic hydrocarbons
in the water bodies of the Baltic Sea, Mar. Chem., 79, 49–66.
Yunker, M. B., R. W. Macdonald, R. Vingarzan, R. H. Mitchell, D. Goyette,
and S. Sylvestre (2002), PAHs in the Fraser River basin: A critical
appraisal of PAH ratios as indicators of PAH source and composition,
Org. Geochem., 33(4), 489–515.
Zhang, Y. X., and S. Tao (2009), Global atmospheric emission inventory
of polycyclic aromatic hydrocarbons (PAHs) for 2004, Atmos. Environ.,
43(4), 812–819.
Zhong, G. C., Z. Y. Xie, M. H. Cai, A. Moller, R. Sturm, J. H. Tang,
G. Zhang, J. F. He, and R. Ebinghaus (2012), Distribution and air-sea
exchange of current-use pesticides (CUPs) from East Asia to the High
Arctic Ocean, Environ. Sci. Technol., 46(1), 259–267.

5829

