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Abstract

During the 2003 Chinese Arctic Research Expedition from the Bohai Sea to the high Arctic (37-80°N) aboard the
icebreaker Xuelong (Snow Dragon), air samples were collected using a modified high-volume sampler that pulls air
through a quartz filter and a polyurethane foam plug (PUF). These filters and PUFs were analyzed for particulate phase
and gas phase polycyclic aromatic hydrocarbons (PAHs), respectively, in the North Pacific Ocean and adjacent Arctic
region. The Y PAHs (where Y = 15 compounds) ranged from undetectable level to 4380 pg m~ in the particulate phase
and 928-92 600 pgm > in the gas phase, respectively. A decreasing latitudinal trend was observed for gas-phase PAHs,
probably resulting from temperature effects, dilution and decomposition processes; particulate-phase PAHs, however,
showed poor latitudinal trends, because the effects of temperature, dilution and photochemistry played different roles in
different regions from middle-latitude source areas to the high latitudes. The ratios of PAH isomer pairs, either
conservative or sensitive to degradation during long-range transport, were employed to interpret sources and chemical
aging of PAHs in ocean air. In this present study the fluoranthene/pyrene and indeno[123-cd]pyrene/benzo[ghi]pyrene
isomer pairs, whose ratios are conservative to photo-degradation, implies that biomass or coal burning might be the major
sources of PAHs observed over the North Pacific Ocean and the Arctic region in the summer. The isomer ratios of 1,7/
(1,7+2,6)-DMP (dimethylphenanthrene) and anthracene/phenanthrene, which are sensitive to aging of air masses, not
only imply chemical evolving of PAHs over the North Pacific Ocean were different from those over the Arctic, but reveal
that PAHs over the Arctic were mainly related to coal burning, and biomass burning might have a larger contribution to
the PAHs over the North pacific ocean.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are
formed by incomplete combustion or pyrolysis of
materials containing carbon and hydrogen. They
have both anthropogenic and natural sources. The
former includes combustion processes of fossil fuels
and biomass burning, and the release of uncom-
busted petroleum products; the latter includes
natural fires and diagenetic processes (Simoneit,
1984). As a group of semi-volatile organic com-
pounds (SVOCs), PAHs are ubiquitous and de-
tected in a variety of environmental media,
including air (Halsall et al., 1994; Buechler et al.,
2001), soil (Motelay-Massei et al., 2004), sediment
(Laflamme and Hites 1978; Mai et al., 2003) and
biological samples (Page et al., 2004). Due to their
lipophilicity and hydrophobicity, PAHs may parti-
tion and accumulate in organisms and thus have
carcinogenic and mutagenic activity (Okona-Men-
sah et al., 2005; Perera et al., 2005).

The occurrence and sources of PAHs in the
atmosphere have been widely studied. In most
urban and rural areas, airborne PAHs originate
mainly from automobile exhausts and/or combus-
tion of fossil fuel (Mai et al., 2003; Ohura et al.,
2004), while in remote areas, such as in open ocean
air and the Arctic, both biomass burning and fossil
fuel combustion may contribute to PAHs. Crim-
mins et al. (2004) analyzed particulate PAHs,
organic carbon (OC), elemental carbon (EC),
SO3~, and K™ in the atmosphere of Atlantic and
Indian Ocean. They pointed out that fossil fuel
combustion, rather than biomass burning, was the
predominant source of PAHs in the Northern
Hemisphere Indian Ocean atmosphere. However,
few studies have been conducted in the North
Pacific Ocean and the adjacent Arctic Ocean. In the
Arctic, Daisey et al. (1981) measured particulate
organic matter (POM), PAHs, and *'°Pb in the
Arctic aerosol in Barrow, Alaska. They found that
the principal source of PAHs was fossil fuel
combustion in the mid-latitude regions in winter
from the presence of fly ash and seasonal changes in
organic species, >'°Pb and meteorology.

Seasonal changes in meteorology are key factors
in determining the chemical composition of the
Arctic atmosphere. In winter, the pollutants in
Eurasia and North America can move into the
Arctic region easily and rapidly by atmospheric
transportation. In the Arctic haze, air mass back
trajectories (BTs) analysis for February 1994

revealed long-range transport from Eurasia into
the high Arctic (Halsall et al., 1997). In summer the
meteorological barrier, however, will make the
influence of northward transport from low latitudes
weaker. Thus the variety of meteorology may lead
to the seasonal change of sources of PAHs in the
Arctic atmosphere. Slater et al. (2002) reported
PAHs and radiocarbon ('*C) of EC in water-
insoluble particles from a snow pit excavated at
Summit, Greenland in 1996. They used the ratios of
BghiP/BeP and Ret/BeP to quantify the relative
contribution of fossil fuel and biomass combustion,
and '*C measurements to distinguish EC between
the two sources. Results showed that fossil fuel
combustion was dominant in spring, and biomass
burning impacted deeply in fall to early winter,
while both sources had influences in summer.

In July to September 2003, ship-board air samples
were collected along a cruise from Bohai Sea to the
North Pole Area (37-80°N). Detailed information
about this expedition has been described elsewhere
(Wang et al., 2005). In the present study, the
purposes are to determine the spatial distribution
of PAHs from mid-latitude source areas to the high
Arctic, and to provide information about the long-
range atmospheric transport (LRAT) and possible
sources of PAHs in the North Pacific Ocean and
adjacent Arctic Ocean during warm periods.

2. Experimental section
2.1. Field sampling

A total of 49 particle samples, 30 of which had
vapor samples collected simultaneously, were taken
aboard the expedition cruise from Bohai Sea
(37.78°N, 123.12°E) to the Arctic (80.22°N,
146.75°W) between 11 July-21 September 2003.
The sampling route is shown in Fig. 1. A modified
high volume air sampler was placed windward on
the uppermost front deck of the ship for simulta-
neous sampling of PAHs in particulate and gas
phases. Air was drawn at a flow rate of
~1.0m*min~" through a quartz fiber filter (QFF)
(Whatman QM-A, 20.3 x 25.4cm) to collect total
suspended particles (TSP) from the air stream,
followed by one-and-a-half polyurethane foam plug
(PUF, 6.5cm diameter x 8 cm height) contained in
an aluminum cylinder to trap the gas-phase
compounds. The sampled air volumes ranged from
1215 to 3030m® (at 0°C and latm). The back
half PUF served as an indicator of breakthrough of
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Fig. 1. The sample route of CHINARE 2003 and broad origins of the air means. Green means both QFF and PUF samples are collected
(sites 1-3,6,8,10,12,13,15,16,19,21,23-35,37-39,41,45), blue means only QFF samples are collected (other sites) (for interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article).

gas-phase. In order to remove possible organic
impurities, before field use, the QFFs were heated at
450 °C for 4 h, and the PUFs were Soxhlet extracted
for 24h with methanol and dichloromethane
(DCM). Then the QFFs and PUFs were wrapped
in aluminum foil and zipped in Teflon bags. After
sampling, the filters and PUFs were again wrapped
in aluminum foil and zipped in Teflon bags, and
stored in freezers at —20°C until analysis. In
addition, three clean QFFs and PUFs were exposed
to the atmosphere during the sampling period and
processed as field blanks.

2.2. Sample extraction

A detailed description of the analytical procedure
for PAHs has been published elsewhere (Bi et al.,
2003). Briefly, prior to 72h Soxhlet extraction with
redistilled DCM, a mixture of deuterated PAH
standards (acenaphthene-d10, phenantgrene-d10,
chrysene-d12, and perylene-d12) was added to all
samples as surrogate compounds. The extracts were
concentrated and solvent-exchanged to redistilled
hexane, and then purified using a 1:2 alumina/silica
column chromatography. The first fraction,

containing aliphatic hydrocarbons, was eluted with
30mL of hexane. The second fraction, containing
PAHs, was collected by eluting 70mL of DCM/
hexane (3:7v/v). The latter was then concentrated to
a final volume of 200 pL under a gentle stream of
nitrogen. Eight microliters of 50 pgmL ™" hexamethyl-
benzene (Aldrich Chemicals, Gillingham, Dorset,
USA), was added to the samples as an internal
standard before instrumental analysis.

2.3. Instrumental analysis and parameters

PAHs were analyzed by an Agilent 6890N gas
chromatograph (GC) coupled to an Agilent 5973N
mass selective detector in the selective ion monitor-
ing mode. The GC column used was a 50m HP-5
capillary column (0.32mm i.d., 0.17 um film thick-
ness). The column temperature was initiated at
80 °C (held for 2min) and increased to 290 °C at
4°Cmin~" (held for 30 min). Data for the 20 PAHs
quantified in this study are listed in Table 1. The
method detection limit (MDL), defined as three
times the noise level, ranged from 0.6pgm~ for
acenaphthylene to 7.0pgm~ for coronene, when
calculated with the average sampling volume of



Table 1
Summary of measured PAHs ranges (pgm™>)
Diagnostic MDL Far East Asia (sites 1-9) North Pacific Ocean (sites 10-19) Arctic (sites 20-49)
ion (m/z)

16.3 (8.7-21.5)* 8.5 (3.6—10.6) —1.2(-3.4-5.8)

Particulate Gas Particulate Gas Particulate Gas

n=9) (n=15) (n=10) (n=06) (n=29) (n=18)

Geometric Arithmetic Range  Geometric Arithmetic Range Geometric Arithmetic Range  Geometric Arithmetic Range Geometric Arithmetic Range Geometric Arithmetic Range

mean® mean® mean mean mean mean mean mean mean mean mean mean
Acenaphthylene (Acl) 152 0.6 1.5 2.8 0.3-74 136 199 54.7-557 0.3 0.3 0.3-0.8 61.3 64.6 34.0-102 09 1.4 03-58 474 53.5 16.5-111
Acenaphthene (Ace) 154 0.6 1.7 4.2 0.3-13.1 224 363 86.9-1060 0.6 0.9 0.3-3.3 86.5 97.3 43.6-198 2.5 5.1 0.3-22.2 593 91.0 6.1-409
Fluorine (F1) 166 14 4.3 8.7 0.7-34.1 2670 3650 1220-8770 1.1 13 0.7-3.5 1380 1510 7242450 3.4 9.6 0.7-50.9 644 742 183-1440
Phenanthrene (Phe) 178 1.5 372 72.8 9.2-261 18500 26600 4850-53500 4.4 9.5 0.8-28.1 6700 7350 3610-12100 8.7 56.6 0.8-500 1610 1820 477-3560
Anthracene (An) 178 2.1 2.7 8.7 1.1-36.7 3190 4680 806-9350 1.2 1.3 1.1-3.4 990 1080 529-1860 1.9 3.7 1.1-22.1 226 262 59.6-607
2,6-dimethylphenanthrene 206 1.5 1.3 2.6 0.8-12.7 64.8 162 11.0-391 1.3 39 0.8-30.3 37.6 72.6 17.8-299 23 8.6 0.8-91.1 20.5 28.7 4.8-76.1
(2.6-DMP)"
1,7-dimethylphenanthrene 206 1.5 2.9 5.8 0.8-22.0 209 431 33.3-1110 1.6 4.2 0.8-29.9 64.1 81.6 39.2-238 2.6 11.2 0.8-125 242 29.1 8.3-70.3
(1,7-DMP)
Fluoranthene (Flu) 202 20 350 126 1.0-456 3630 7130 522-17300 6.0 11.0 1.0-43.9 682 740 344-1150 119 822 1.0-810 176 198 80.1-424
Pyrene (Py) 202 1.9 258 106 0.9-404 1960 4000 280-9940 2.4 6.3 0.9-28.5 373 401 192-603 9.4 49.5 0.9-381 117 133 57.4-296
Retene (Ret)* 234 1.5 7.8 10.7 0.8-20.8 151 324 22.0-829 5.4 6.0 0.8-11.9 26.1 27.5 15.7-39.6 2.6 4.9 0.8-259 5.9 6.9 1.2-14.6
Benzo[a]anthracene (BaA) 228 56 162 78.9 2.8-322 119 33.8 2.8-138 4.8 11.9 2.8-71.0 5.2 8.1 2.8-239 9.2 25.5 2.8-164
Chrysene (Chr) 228 56 355 136 2.8-506 39.2 78.8 9.2-272 11.0 39.6 2.8-169 13.8 20.6 2.8-60.0 224 69.8 2.8-374 53 6.3 2.8-132
Benzo[b]fluoranthene 252 47 297 144 2.4-569 5.5 14.7 2.4-674 14.0 48.2 2.4-391
(BbF)
Benzo[k]fluoranthene 252 3.7 118 63.5 1.8-254 2.5 39 1.8-20.6 5.5 18.0 1.8-136
(BKF)
Benzo[e]pyrene (BeP)* 252 5.5 486 228 2.8-907 11.5 34.7 2.8-190 22.6 62.4 2.8-319
Benzo[a]pyrene (BaP) 252 55 242 147 2.8-612 39 10.7 2.8-82.3 4.6 10.4 2.8-127
Indeno[123-cd]pyrene 276 4.6 29.7 187 2.3-773 4.4 12.0 2.3-84.3 15.5 57.1 2.3-410
(InP)
Dibenzo[a,h]anthracene 278 37 5.4 16.5 1.8-71.0 2.4 3.1 1.8-12.8 22 2.8 1.8-14.0
(DBahA)
Benzo[ghi]pyrene 276 3.1 166 101 1.5-416 2.6 8.4 1.5-66.1 10.5 36.4 1.5-222
(BghiP)
Coronene (Cor)® 300 7.0 8.4 26.4 3.5-107 39 4.3 3.5-11.6 6.6 14.7 3.5-131
S PAH® 46.6 319 1200 32.7-4380 31300 46700 8160-92 600 68.7 135 24.7-632 10400 11300 6130-18000 169 476 23.3-2640 2940 3310 928-6310

“Mean temperature (°C) with range of temperature in brackets.

PHalf of MDL was assigned to values <MDLs when computing mean and sum.
“Not included in the ) concentration.

9Half of MDL is used if the minimum level is less than MDL.
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2051m°. Half of MDL was assigned to values
<MDL when computing mean and sum.

2.4. Quality control/quality assurance

Three field blanks and six laboratory blanks
(solvent with a QFF and PUF identical to that used
to collect the air samples) were processed. Labora-
tory and field blanks were extracted and analyzed in
the same way as field samples. There was no
difference between concentrations of analytes in
the laboratory and field blanks, indicating that
contamination was negligible during sampling,
transport, and storage. Only very low concentra-
tions of Phe were detected in the PUFs of field
blanks, and they were subtracted from those in the
sample extracts. Surrogate recoveries (n =97,
both field and laboratory control samples) were
87+15% for acenaphthene-d10, 98+15% for
phenanthrene-d10, 90+ 16% for chrysene-d12, and
84+ 16% for perylene-d12, respectively. The relative
differences for individual PAHs in paired duplicate
samples (n=3) were all <15%. Recoveries of
PAHs in spiked blank samples (PAH standards
spiked into solvent with clean QFFs and PUFs,
n = 6), matrix spiked samples (PAH standards
spiked into pre-extracted QFFs and PUFs, n = 6),
and National Institute of Standards and Technol-
ogy (NIST; Gaithersburg, MD) 1941 reference
samples (n = 3) ranged from 77% to 104%, 72%
to 98%, and 80% to 120%, respectively. The
reported results were not adjusted using recovery
rate. Sampling breakthrough is not a problem at
this study, with only a few of the lighter PAHs
detected in the backup PUF (<20% of the total gas
phase compound).

2.5. General remarks on the contamination of
shipboard air samples

There is always a potential for possible contam-
ination of ship-based air samples. Emissions from
the ship and/or from the ship’s funnel would be
particularly important for combustion-derived pol-
lutants such as PAHs, and polychlorinated dibenzo-
p-dioxins and dibenzofurans (Lohmann et al.,
2004). In this study, samples were collected upwind
in the uppermost front deck to avoid such
contamination. As discussed later in detail, both
the low ratios of more reactive to less reactive PAHs
and the ratios of PAH isomer pairs indicated that
the air masses were relatively aged, and that

contamination from ship emissions was avoided
well for the air samples collected. Cooper (2001)
reported exhaust emissions from different ships.
Two-ring PAHs were found to be the dominant
compounds and concentrations of the heavy PAHs
(molecular weight >228) were below the detection
limits in most samples. The composition patterns of
PAHs from our measurements were quite different
from those of typical emissions from ships. The
significant difference between air sample 26 (Fig. 1)
and other samples also provided evidence that
samples were not contaminated by ship emissions.
During the collection of sample 26, the ship had
stopped at the Port of Barrow in north Alaska to
pick up some foreign scientists. Therefore this
sample might be affected by the ship emissions, as
can be seen from its much higher BaP/BeP ratio
(1.1) compared to those (<0.7) in all other samples
(Khalili et al., 1995). Sample 26 was therefore
excluded from the discussion below, except in
Fig. 3.

2.6. Back trajectories

Air mass origins were determined for the cruise
samples using the HYSPLIT transport and disper-
sion model from the NOAA Air Resources Labora-
tory (Draxler and Rolph, 2003). Two BTs were
performed, for the start and end of each sampling
episode. BTs were traced for 5 days with 6 h steps at
100, 500 and 1000 m above sea level. Fig. 1 shows a
general indication of the direction of the air mass
origins. It should be noted that some uncertainties
are associated with the BTs as the ship was changing
location (Stohl et al., 2002).

3. Results and discussion
3.1. Air concentrations and spatial distribution

Table 1 presents the concentrations of 20 PAHs.
The sum of the 16 USEPA priority PAHs is often
used to make comparisons among different studies.
Naphthalene is in the list of the 16 USEPA priority
PAHs, but due to its high volatility and low
recovery for particulate samples, its levels were not
quantified in the present study, so we only presented
the sum of 15 PAHs (3>_PAHs) with naphthalene
being excluded, as did in many previous studies.The
> PAHs ranged from undetectable level to
4380pgm~> for the particulate phase and
928-92600 pgm > for the gas phase, respectively.
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Fig. 2. Spatial distribution of > PAHs (particle + gas) along the cruise (n = 29). Concentrations are displayed at the average sampling

locations (bars), with highest bar representing 97 000 pgm > (site 1).

The levels of particulate phase PAHs were similar to
the Atlantic Ocean and Northern Indian Ocean
atmosphere (Crimmins et al., 2004) in January to
March. The levels of gas phase PAHs were higher
than those reported in the Atlantic Ocean atmo-
sphere in January to March (Jaward et al., 2004).
Phenanthrene was the dominant compound among
the gas phase PAHs, contributing ~50% to
> PAHs. The 2-4 rings PAHs, from Acl to Py,
occurred dominantly in the gas phase; and heavy
PAHs, from BbF to Cor, existed only in the aerosol
fraction. The highest concentration, above
90 000 pgm ™, occurred near the Liaodong penin-
sula (sites 1 and 2, Fig. 1).

Fig. 2 shows the spatial distribution of > PAHs
(gas + particulate) along the cruise. Higher levels
occurred in Far East Asia (3448°N, 122-148°E)
including the Bohai Sea and the Japan Sea, with an
arithmetic mean of 48 500 pgm ™, which was lower
than those of some adjacent continental areas, such
as Qingdao (87.5ngm™>) (Guo et al., 2003), Seoul
(89.3ngm™) (Park et al., 2002), Fuji (365ngm™>)
and Shimizu (270ngm™) (Ohura et al., 2004). In
the higher latitudinal regions of the North Pacific
Ocean (48—-66°N), a lower mean total concentration
of 11400pgm > was obtained. In the Arctic
(>66.7°N), the mean concentration was only
3530 pgm >, which was, however, higher than those
reported in Dunnai, Alert and Tagish in May to
September (Halsall et al.,, 1997), indicating the
contamination of the Arctic area in summertime
during our expedition.

3.2. Atmospheric processing

An, BaA and BaP are expected to be degraded
more easily than their isomers during transportation
due to their higher reactivity (Butler and Crossley,
1981). Using the ratios of a more reactive PAH to a
less reactive PAH, such as An/Phe, BaA/Chr and
BaP/Bep, a higher ratio indicates relatively little
photochemical processing of the air mass and major
impact from local emissions. On the other hand, a
lower ratio is reflective of more aged PAHs.
Therefore, it can be used to illustrate whether the
air masses collected were fresh or aged. The
degradation of gas phase PAHs is different from
that of particulate phase PAHs. Gas phase PAHs
are susceptible to degradation via OH radical; while
particulate phase PAHs are susceptible to photo-
degradation. The ratios of BaA/Chry were plotted
against BaP/BeP for the samples collected during
the cruise (Fig. 3). Because these four PAHs were
not detected in most gaseous samples, only the
particulate phase was considered. Generally, rela-
tively higher ratios occurred in low latitude areas,
and lower ratios existed in high latitude Arctic,
showing that photo-degradation might be an
important process during LRAT, especially for the
particulate phase PAHs. The ratios of BaA/Chry
and BaP/BeP in the particulate were significantly
correlated with each other (R?>=0.25, p<0.05,
n = 25), suggesting that the two isomer pairs might
share a similar transport pathway. BaP/BeP>1.0
had been reported for typical temperate urban
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Fig. 3. Ratios of reactive/stable PAHs (BaP/BeP and BaA/Chr)
in particulate phase in different regions during the expedition.

sources (Khalili et al., 1995). As shown in Fig. 3,
most of the ratios were much lower than 1.0,
indicating that the air masses were relatively aged.
At sites 1, 2 and 5 near continental source areas in
Far East Asia, the ratios of BaA/Chry and BaP/BeP
were close to 0.7 and higher than other sites,
suggesting air masses sampled at these sites were
relatively fresh from the adjacent continental source
areas. An and Phe predominantly occurred in the
gas phase, and thus the ratio of An/Phe was more
suitable to illustrate the degradation of gas phase
PAHs.

The LRAT potential of SVOCs in air depends on
temperature, compound reactivity and net deposi-
tional behavior (Wania et al., 1998; Wania, 2003).
Dilution, deposition and decomposition processes
and temperature effects will all impact on the air
concentration during transportation (Goldan et al.
2000). In our study, gas phase > PAHs were
significantly decreased with the increasing latitude
(r=-0.717, p<0.01, n=29), while particulate
phase > PAHs showed poor correlation with the
latitude (p>0.05, n = 48). In general, lower tem-
peratures favor condensation of gas phase PAHs
onto particulates. In this study, the relationships
between > PAHs and the ratios of reactive to stable
PAHs were also employed to elucidate the role of
degradation in both phases during LRAT. Results
revealed that > PAHs in the gas phase showed
significant  temperature dependence (p<0.01,
n = 27), and that gas phase > PAHs correlated well
with the ratio of An/Phe (r = 0.41, p<0.05, n = 27).
Particulate phase > PAHs correlated well with the
ratios of BaA/Chry (r = 0.72, p<0.01, n = 45) and

BaP/BeP (r =0.31, p<0.05, n=45). These good
correlations all proved the important influence of
degradation on the levels of PAHs in both gas and
particulate phases. From middle latitudes to the
high latitudes during the cruise, dilution, tempera-
ture effects and degradation processes (especially
decomposition by the hytroxyl radical) would lead
to the decrease of PAH levels in the gas phase. That
is why decreasing trends with latitude in the gas
phase were observed. It is interesting to see that the
particulate-phase PAH over the North Pacific
Ocean was lower than that in Arctic area. The
highest particulate-phase PAH found in Fast East
Asia was due to the vicinity of emission sources. The
lowest level observed over the North Pacific Ocean
was related to dilution and photo-degradation and,
to lesser extent, the temperature effect. The medium
level in Arctic area was likely caused by temperature
effect which favored the condensation of gas-phase
PAHs onto the particles. Under minus degree of
temperature, it is unlikely that photo-degradation
would be the significant atmospheric process though
dilution could lower the particulate-phase PAHs
level.

3.3. Source identification

As anthropogenic geochemical tracers, PAHs can
be used to identify air masses from different source
areas (Simoneit, 1984). The ratios of the principal
parent PAHs with mass 178 (Phe and An), 202 (Flu
and Py), 228 (BaA and Chry) and 276 (InP and
BghiP) have been widely used to distinguish
different sources in urban and rural areas (Bi
et al., 2003; Cotham and Bidleman, 1995; Lohmann
et al., 2000). But care should be taken when using
these markers since the atmospheric degradation of
BaP, BaA and An are much faster than their
isomers or other parent PAHs (Kamens et al., 1988;
Schauer et al., 1996). That is, the ratios of Phe/An,
BaA/Chry and BaP/BeP will change with the aging
of the air mass. The Flu/Py and InP/BghiP isomer
pairs, however, photolytically degrade at compar-
able rates (Behymer and Hites, 1988; Masclet et al.,
1986). Thus their ratios preserve the original
compositional information during atmospheric
transport, and might be applicable molecular
markers for source evaluation in remote areas, such
as ocean air. Yunker et al. (2002) summarized the
results of different sources and proposed that for
Flu/(Py + Flu) the petroleum boundary ratio ap-
pears close to 0.40, and the ratio between 0.40 and
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Fig. 4. Ratios of InP/BghiP+ InP vs. Flu/Py + Flu in particulate phase in different regions.

0.50 is characteristic of petroleum combustion
(liquid fossil fuel combustion), whereas a ratio
>0.50 is characteristic of grass, wood or coal
combustion; for InP/(BghiP +InP), a ratio <0.20
probably implies unburned petroleum (petrogenic
source), 0.20-0.50 implies petroleum combustion
(liquid fossil fuel combustion), and >0.50 implies
grass, wood or coal combustion. Fig. 4 shows that
the ratios of Flu/(Py+ Flu) and InP/(BghiP + InP)
in the particulate phase ranged from 0.45 to 0.77
and from 0.52 to 0.70, respectively. In the gas phase,
the ratio of Flu/(Py + Flu) ranged from 0.53 to 0.67.
All these ratios suggest that the combustion of
biomass or coal might be the main sources of
atmospheric PAHs in the North Pacific Ocean and
the Arctic Ocean during the cruise.

To validate source markers employed in this
study, data from other studies were also compared
and plotted in Fig. 4. In the Northern Indian Ocean
atmosphere, the ratios of Flu/(Py+ Flu) and InP/
(BghiP + InP) in the particulate were ranged from
0.51 to 0.59 and 0.47 to 0.55, respectively, and much
closer to the boundaries (Fig. 4). This was consistent
with the conclusion made by Crimmins et al. (2004)
that a mixed combustion of biomass and fossil fuel
influenced the ocean air, based on the significant
correlations between selected PAHs and OC, EC,
SO~ and K. At Summit, Greenland, the typical
snow samples predominantly impacted by fossil fuel
combustion or biomass burning could be distin-

guished by measuring the radiocarbon (**C) of EC
and calculating the ratios of BghiP/BeP and Ret/
BeP, as well as the changes in concentration of
certain inorganic compounds (Slater et al., 2002).
When the ratios of Flu/(Py+ Flu) and InP/(Bghi-
P+InP) were calculated for these snow samples
typically representing different sources, the samples
impacted by biomass burning were plotted in the
area representing the combustion of grass, wood or
coal; and the samples impacted by fossil fuel
combustion were plotted in the area representing
the same source (Fig. 4). Also the ratios of BghiP/
BeP and Ret/BeP used by Slater et al. (2002) were
calculated for the samples in this present study.
Within the Arctic, the ratios of BghiP/BeP and Ret/
BeP averaged 0.50+0.28 and 0.08 +£0.09, respec-
tively. The much higher value of the former
(representative of fossil fuel combustion) than that
of the latter (representative of biomass burning)
suggests that fossil fuel combustion, especially coal
burning as indicated in Fig. 4, might be more
important in the Arctic. In the area outside the
Arctic, the two ratios averaged 0.22+0.20 and
0.25+0.30, respectively. This indicates that the two
ratios did not point clearly to a particular source for
samples outside the Arctic.

To distinguish between biomass burning and coal
burning in the current study, the characteristics of
two dimethylphenanthrene (DMP) isomers were
also analyzed. The ratio of 1,7-DMP to 2,6-DMP
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in air is a sensitive source indicator for distinguish-
ing wood combustion from motor vehicle emissions.
The ratio of 1,7-DMP/(1,7-DMP +2,6-DMP) (ab-
breviated as 1,7/(1,7 +2,6)-DMP) between 0.70 and
0.90 indicates wood combustion (Benner et al.,
1995), while a ratio less than 0.42 indicates vehicle
emissions (Benner et al., 1989). In brown coal
combustion products, the ratio is ~0.62 (Grimmer
et al., 1983). Other studies also found that the ratio
of coal combustion is likely to be between that of
wood combustion and vehicle emissions (Yunker
et al., 2002). But the ratio of 1,7/(1,7+2,6)-DMP
would decrease during LRAT since 1,7-DMP is
unstable relative to 2,6-DMP. During our expedi-
tion, though the air masses were aged from BaP/BeP
as discussed above, the ratio of 1,7/(1,7 + 2,6)-DMP
still ranged from 0.44 to 0.82, above those typical
for vehicle emissions and within those for biomass
or coal burning.

Fig. 5 is the plot of 1,7/(1,7+2,6-DMP) against
An/Phe in the gas phase. The ratio of the latter
isomer pair also decreases during LRAT due to the
faster degradation of An than Phe. Because these
four compounds were dominant in the gas phase
(>95% of the total of both phases), only gas phase
data were used here. Available data show that
emissions from coal burning (Chen et al., 2005;
Oros and Simoneit, 2000) and biomass burning
(Conde et al., 2005) had similar original ratio of
An/Phe (~0.20). As shown in Fig. 5, the two isomer
pair ratios were correlated well with each other both
inside and outside the Arctic. In Far East Asia,
the average ratio of 1,7/(1,7+2,6)-DMP was
0.76 £0.06, indicating biomass combustion to be
the main source in this area. Although the same
ratios ranged from 0.45 to 0.77 in the North
Pacific Ocean, the good correlation between the
two isomer pair ratios might imply that it was the
aging during transportation that made the variation
of 1,7/(1,7+2,6)-DMP. And biomass burning might
also be the dominant source of atmospheric PAHs
in the North Pacific Ocean during our study, since
1,7/(1,7+2,6)-DMP as high as 0.77 was not
observed for coal burning. To identify the source
areas out of the Arctic, the satellite data (results
from the Along Track Scanning Radiometer
(ATSR) on ESA’s ERS-2 satellite) are used to see
where biomass burning events had happened during
sampling periods. During our cruise in North
Pacific Ocean (11-31 July, 2003), ASTR active fire
spots were shown in Fig. 6, and apparently there
were great forest fires surrounding Russia’s Lake
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Fig. 5. PAH isomer ratios of 1,7/(1,7+2,6)-DMP vs. An/Phe in
gas phase in different regions.

Baikal and east-coast areas (Fig. 6). Smoke from
these fires had been streaming across eastern Russia
and China and out over the Pacific Ocean off and
on for months, and had traveled around the world,
reaching Canada and the United States. Therefore
the fires surrounding Russia’s Lake Baikal and east-
coast areas made a larger contribution to PAHs
observed in the atmosphere of North Pacific Ocean
during our expedition.

A flatter slope of 1,7/(1,7+2,6)-DMP against An/
Phe in Fig. 5 was observed in the Arctic. The ratios
of 1,7/(1,7+2,6)-DMP were between 0.44 and 0.67
with a mean value of 0.54 +0.08, implying aged air
masses with biomass burning, or less aged air
masses with coal burning, probably responsible for
PAHs in the Arctic atmosphere in summer.
Furthermore, if we consider biomass burning and
coal burning both with a starting An/Phe of ~0.2,
taking the dashed lines in Fig. 5 as ‘“‘evolution”
pathways, we would infer a starting 1,7/(1,7 + 2,6)-
DMP of 0.88 and 0.67 for the North Pacific samples
and the Arctic samples, respectively. This would
suggest that the Arctic atmospheric PAHs during
the study might be mainly related to coal burning.
Simcik et al. (1999) measured the PAHs in the urban
and adjacent coastal atmosphere of Chicago and
Lake Michigan in 1994-1995, and suggested coal
burning was the main source in both the urban and
coastal air using a modified factor analysis-multiple
regression model. They also reported the ratio of
Flu/(Flu+Py) with a similar range (0.54-0.69)
compared to the Arctic samples. It must be stressed
that the original value of 0.2 for An/Phe should be
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Fig. 6. Fire spots surrounding Russia’s Lake Baikal and east-coast areas during our cruise in North Pacific Ocean recorded by the Along
Track Scanning Radiometer (ATSR) on ESA’s ERS-2 satellite. Red circles are fire spots (for interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article).

carefully used since the ratios may vary with
different kinds of coal. Also we cannot make
further comparisons with other researches due to
too few data of two DMP isomers being available in
field samples. Nevertheless, the present approach
using two pairs of reactive isomers may provide a
way to study the chemical evolution of air masses
and identify the sources of atmospheric PAHs,
especially when air masses are aged after LRAT, as
from lower latitude source areas to the Arctic
region.
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