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Abstract Aerosol samples were collected aboard the R/V Dayang Yihao from 8 January to 7 August 2007
to investigate the geographical distribution of polycyclic aromatic hydrocarbons (PAHs) over oceans and to
assess their continental origins. The highest concentrations were found over the marginal seas in Asia,
especially the East and South China Seas, indicating that China is a top source of emissions into the marine
atmosphere in the areas monitored on this cruise. PAH concentrations over the west oceanic region in the
South Indian Ocean were noticeably higher than in other areas of the Indian Ocean, most likely because air
masses from Africa, the Arabian Sea, and the Bay of Bengal exert a negative impact on those regions through
long-range atmospheric transport. The PAH isomer ratio values varied over the oceans that were impacted by
continental sources but remained relatively uniform over most of the remote oceans. Using diagnostic
ratio analysis, we found PAHs emitted from China were mainly associated with biomass/coal burning. The
measurements of levoglucosan were consistent with the results mentioned above. The western part of the
South Indian Ocean atmosphere was likely affected by wildfire emissions from Africa, while the northern part
was by petroleum combustion, biofuel, and wildfire burning, because the winter monsoon most likely carries
aerosol from the Arabian Peninsula and India across the equator. Using the monthly images of fire activity
and aerosol optical depth, it can be confirmed biomass burning from Africa can significantly influence the
aerosol over the Indian Ocean.

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs), a group of organic compounds that have adverse effects on human
health and the ecosystem, are predominantly derived from the incomplete combustion of carbonaceous
materials, including fossil fuel and biomass. In 2004, it was estimated that the global total of PAH emissions
was approximately 520 Gg, of which biomass burning made the largest contribution, approximately 73.7% of
the global PAH inventory, followed by the consumption product (6.9%), traffic oil (4.8%), domestic coal (3.7%),
and coke production (3.6%) [Zhang and Tao, 2009]. However, it should be noted that the relative contribution
of atmospheric PAH emission sources differ regionally and seasonally due to differences in energy policies,
vegetation, and degrees of industrialization and urbanization. For example, the proportions of PAHs
generated from biomass burning in India, China, and the U.S. were 95.7%, 68.4%, and 12.4%, respectively
[Zhang and Tao, 2009]. In China, the primary emission sources of atmospheric PAHs over the southern and
northern regions were significantly different during the winter season: PAHs in North China are linked to coal
and biofuel burning during this season [Liu et al., 2007], while vehicle exhaust was the main source of
atmospheric PAHs in South China. As markers of incomplete combustion, diagnostic ratios of PAHs are
frequently used to identify emission sources. Through an analysis of PAH isomer ratios in the particulate
phase, Ding et al. [2007] found that atmospheric aerosols collected in the North Pacific Ocean and Arctic
regions predominantly came from biomass/coal burning.

The atmosphere over the open oceans can serve as the global atmospheric background level of PAHs due
to a limitation of emission sources in the oceans. Generally, the transport of PAHs from the land to the
atmosphere is considered the most important pathway controlling the levels of PAHs over the oceans
[Crimmins et al., 2004; Ding et al., 2007; Xu et al., 2012], and it is greater than a volatilization of PAHs from the

LIU ET AL.

©2014. American Geophysical Union. All Rights Reserved. 1949


http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-8996
http://dx.doi.org/10.1002/2013JD020361
http://dx.doi.org/10.1002/2013JD020361

@AG U Journal of Geophysical Research: Atmospheres 10.1002/2013JD020361

30°0'0"E 60°0'0"E 90°0'0"E 120°0'0"E 150°0'0"E 180°0'0"
50°0'0"N: L L ; o —t
N
30°0'0"N+ IF30°0'0"N
10°0'0"N+ F10°0'0"N
Indian Ocean
10°0'0"SH 6s [10°0'0"S
°

South Pacific sug

MADAGASCAR B < %

\ B

» 63
& \ AUSTRALIA ?
30°0'0"SH 4 \i‘/ \ [-30°0'0"S
“ \ o°! Melboutne w
¢ / 2 5. )
® Sampling site / Y, i ,////‘/
Air masses back trajectories————+ ;,/ )
—— —— T T
0°0'0" 30°0'0"E 60°0'0"E 120°0'0"E 150°0'0"E 180°0'0"

Figure 1. The sampling sites (green points noted by numbers), ship routes (in order from 1 to 95), and the air mass back trajec-
tories. The arrow in the South Pacific Ocean denotes that the air masses were derived from the east for sample No. 64 to No. 68.

ocean itself [Nizzetto et al., 2008]. Measurements of atmospheric PAH concentrations over the oceans not only
provide a better understanding of the PAH levels in the global atmosphere, but provide information on how
the continents impact PAH levels.

Currently, many studies on atmospheric PAHs over the oceans primarily focus on an individual oceanic
region or single hemisphere. Although it is necessary and interesting to understand the global
distribution of PAHs, studies on a global scale are still very limited. Studies examining global PAHs
distribution would provide knowledge on the origins of the PAHs from different oceanic regions in both
hemispheres. A research vessel (R/V) named “Dayang Yihao” was fitted out and cruised to collect
atmospheric samples from Qingdao to Djakarta, Durban, Fiji Island, Ponape Island, and Guishan
anchorage (Figure 1) during January to August 2007. The results of these samples will most likely provide
a better understanding of the oceanic distribution characteristics of PAHs in aerosols over the marginal
seas in Asia and the Indian and Pacific Oceans. Due to the long sampling period (January to August) and
vast spatial sampling area (Asian marginal seas, the Indian Ocean, and the Pacific Ocean), the samples
were not collected simultaneously. In addition, the aerosol characteristics from different areas were not
only affected by the emission sources, but by atmospheric circulation, exotic sources, and seasonal
variations. As a consequence, an overall trend of the global particulate PAHs was explored and
evaluated. In this study, the PAHs in collected aerosol samples were determined to (1) map the PAH
distribution in aerosols from the marine boundary layer and (2) identify the origin of PAHs using the
combination of diagnostic ratios of PAHs, organic source tracer (levoglucosan), and remote sensing data,
such as fire activity maps and aerosol optical depth (AOD) maps.

2. Materials and Methods
2.1. Sampling

During the cruise (from 8 January to 7 August 2007) a total of 95 total suspended particle samples were
collected onboard the R/V Dayang Yihao. Air volumes of ~400-1200 m* were drawn through a quartz
microfiber filter (QFF) (Grade GF/A, 20.3 x 25.4 cm, Whatman, Maidstone, England) using a high-volume
sampler (Anderson type) at a flow rate of 300 L/min. The air sampler was placed at the front of the ship
to avoid potential contamination from the ship exhaust. Prior to sampling, the QFFs were baked at
450°C for 12 h to remove any organic contaminants. After sampling, the QFFs were wrapped in prebaked
aluminum foil, sealed with two layers of polyethylene bags, and stored at —20°C until analysis. Six clean
QFFs were exposed to the air for a few seconds during the cruise and then stored in the freezer for use as
field blank samples.
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2.2. PAH Analysis

The filter samples were spiked with 1000 ng of deuterated PAHs. The filters were then Soxhlet-extracted
using dichloromethane for 48 h. The extract was concentrated, underwent solvent-exchange, and then
purified on an alumina/silica column. The purified fraction was eluted with a 15 ml mixture of
dichloromethane and hexane (1:1 by volume) and was blown down under a gentle stream of nitrogen to
a final volume of 25 pL. Prior to the analysis, 1000 ng of hexamethylbenzene (Aldrich Chemical,
Gillingham, Dorset, USA) in dodecane was added as an internal standard. The PAHs were analyzed by an
Agilent 7890 gas chromatograph equipped with a capillary column (DB-5MS, 30 m, 0.25 mm, 0.25 um)
and a mass spectrometric detector (Mass Selective Detector (MSD), Agilent 5975). The samples (1 uL)
were injected under a splitless mode with a 10 min solvent delay time. High-purity helium was used as a
carrier gas with a column flow rate of 1.83 mL/min. The temperature of the injector and transfer lines
were 290°C and 300°C, respectively. The initial oven temperature was set at 60°C for 1 min and was
raised to 290°C at a rate of 3°C/min and held for 20 min. Fifteen PAHs were quantified in this study:
acenapthene (Ace), acenapthylene(Acy), fluorene (Flu), phenanthrene (Phe), anthracene (Ant),
fluoranthene (Flua), pyrene (Pyr), benzo[a]anthracene (BaA), chrysene (Chr), benzo[blfluoranthene (BbF),
benzolk]fluoranthene (BkF), benzo[a]pyrene (BaP), dibenzo[a,h]anthracene (DahA), benzo[g,h,ilperylene (BghiP),
and indeno[1,2,3-c,d]pyrene (Ind). It should be noted that the gas adsorption artifact may overestimate the
low molecular weight PAHs [Mader and Pankow, 2001], but their concentrations will be reported in the
following discussion because other relevant studies [Ding et al., 2007; He and Balasubramanian, 2009; Xu
et al, 2012] for comparison reported them.

2.3. Levoglucosan Analysis

The analysis of levoglucosan was conducted by a gas chromatography(GC)-MSD (Agilent 7890 GC and
Agilent 5975 MS) with a capillary column (DB-5MS, 30 m, 0.25 mm, 0.25 um) and is fully described by our
previous study [Liu et al., 2013]. Briefly, a section of the sample was put into a 25 mL Pyrex glass flask with a
Teflon-lined stopper. Before extraction, 500 ng of the internal recovery standard (methyl-A-L-xylanopyranoside,
m-XP) was added to the filter. Then the filter part was extracted with 10 mL methanol 10 min for 3 times using
ultrasonic agitation. The volume of the combined extract was reduced to about 1 mL with a rotary evaporator
and then filtered through a Teflon syringe filter (0.45 pm). Afterward, the filtrate was dried completely by a
gentile nitrogen stream. Finally, a mixture of 40 uL containing N,O-Bis(trimethylsilyl)trifluoroacetamide (1%
trimethylsilyl chloride) and pyridine (2:1 vol/vol) is added, and the reaction was conducted for 1 h at 70°C. Then
1 pL of the solution obtained is then immediately analyzed by GC-MSD. The recovery of spiked matrix is
between 80 and 125% in this study.

2.4. Quality Control and Quality Assurance

A set of PAH standards was injected into the instrument daily to check its stability, and the deviation of the
instrument was less than + 10%. The deuterated PAH recoveries were 75% + 12%, 90% + 11%, 88% + 15%, and
85% + 10% for acenapthene-D10, phenanthrene-D10, chrysene-D12 and perylene-D12, respectively. Six field
blanks were taken during the sampling period. The method detection limits (MDLs) were the average values
of the blanks, plus or minus 3 times the standard deviations of the blanks. Three times of the instrumental
detection limit (IDL) were used for calculating the MDLs. The IDL values were calculated using the lowest
standards and extrapolating to the corresponding amount of analyte that generates a signal-to-noise ratio of
3:1. All target compounds detected in the samples and lab blanks were under the IDLs. The data reported in
this study were not corrected by the recoveries.

The ship exhaust can potentially contaminate the air during sampling when the research involves
combustion-derived compounds. In this study, the air sampler was placed at the uppermost front deck to
minimize any contamination from discharged smoke from the ship’s stack. Cooper [2001, 2003] and Cooper
et al.[1996] found that low molecular PAHs were significantly dominant in the exhaust emitted from the ship,
while the high molecular compounds (BbF, BkF, BaP, Ind, and BghiP) were usually undetectable. A similar
phenomenon occurred in sediments polluted by ship activities [Neser et al., 2012]. The PAH profiles from
those studies were quite different from the results found in this study. Moreover, as discussed later in detail,
the PAH spatial distributions were similar to previous studies. Therefore, it is likely that the PAH measurements
in this study were not affected by the ship’s exhaust.
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Figure 2. Spatial distribution of total particulate PAHs in this study (pg/m3). (@) Asian marginal seas, (b) South
Indian Ocean, and (c) Pacific Ocean.

marginal seas (Table 1), especially in samples collected close to the Chinese mainland (Figure 2a, samples No.
1 to No. 5). The high level of PAHs over China’s marginal seas was observed because China is the greatest
contributor of PAHs to the global atmospheric emission inventory [Zhang and Tao, 2009] with 70% of PAHs
produced by the Chinese mainland remaining in the offshore environment of the marginal seas [Lang et al,,
2008]. These contaminants from the continent can exert a negative influence on the marine atmosphere. In
addition, less dilution of PAHs would happen during the atmospheric transportation due to the distance from
sampling sites in Chinese marginal seas to land were much close to lands compared with other sampling sites
(Figure 1). During the winter sampling period, the Chinese mainland atmosphere was influenced by the
northern air masses (Figure 1) and coal and biofuel burning were very intensive in North China [Liu et al., 2007].
In contrast, during the summer, the air masses were derived from the open ocean, influencing the atmosphere
over the Chinese marginal seas (sample No. 95, collected on 5 to 7 August) and resulting in a dramatic
decrease in PAH concentrations (Figures 1 and 2a).

Figure 2b displays the distribution patterns of YPAH concentrations over the southwest Indian Ocean, which
ranged from 66 to 1870 pg/m? with a geometric mean of 341 pg/m?>. The distribution of PAH concentrations
in this region was nonuniform. PAH levels over the west oceanic region were higher than those over the east
and high-latitude maritime areas (>30°S). Lower PAH concentrations in the South Indian Ocean were
observed over the high-latitude oceanic region, mainly because the air masses collected came from the
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Figure 2. (continued)

remote and higher latitude regions during the sampling campaign (Figure 1). In addition, the impact from the
land on the atmosphere of the South Indian Ocean was very significant. For example, in the samples close to
South Africa (samples No. 30 and No. 32, No. 39 to No. 41), the PAH concentrations were relatively high
compared to the others. A similar phenomenon was apparent in samples No. 13 to No. 17 and No. 57 to
No. 59, where air masses have made contact with the land in West Australia before reaching the sampling
sites (Figure 1). Although the air masses did not come from inland, the PAH concentrations for samples No. 42
to No. 56 were the highest from the South Indian Ocean. In the winter (December to April), the anthropogenic
haze generally derived from the Arabian Sea and the Bay of Bengal can cross the equator with the movement
of the monsoon [Lelieveld et al., 2001; Ramanathan et al., 2001]. Dachs et al. [1999] suggested that this
monsoon plays a significant role on the global cycle of organic pollutants such as aliphatic hydrocarbons,
PAHs, and polychlorinated biphenyls. Wind field showed that during the sampling campaign, the west
oceanic region in the South Indian Ocean was most likely impacted by the air masses from the Arabian Sea,
the Bay of Bengal, and Africa (Figure 3). The elevated PAH concentrations over these two former oceanic
regions have been previously reported [Crimmins et al., 2004; Stone et al., 2007; Xu et al., 2012]; however, few
studies focused on the impact of the outflow of air from Africa to the Indian Ocean due to the relatively low
industry and social development level in Africa. Nevertheless, studies have suggested that the open burning
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in Africa can result in massive emission
of PAHs [Jaward et al., 2004; Kakareka
and Kukharchyk, 2003]. Some studies
reported that the Atlantic Ocean can be
influenced by the outflow air from West
Africa [Jaward et al., 2004; Xu et al.,
2012]. Consequently, we believe that
the atmosphere over the west oceanic
region in the South Indian Ocean
during this voyage was most likely
polluted by South Asia and Africa, due
to their extensive and consistent air
current outflow throughout the winter.

I T | This conclusion agreed with the analysis
4s°E 75% 105% 135% of diagnostic ratios of PAH isomers and

Figure 3. The wind field in the Indian Ocean during winter 2007. levoglucosan, which we will discuss in
section 3.3.
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The distribution of YPAH concentrations over the Pacific Ocean was considerably uniform, while the
corresponding concentrations over the North Pacific Ocean were obviously higher than those over the South
Pacific Ocean (Figure 2c), except for sample No. 67, which was collected at the Suva port. The samples collected
over the Pacific Ocean were far away from continents; therefore, these PAH concentrations can serve as the
background values for both the Northern and Southern Hemispheres. This result was consistent with the fact
that anthropogenic activities in the Northern Hemisphere are much more intensive than those in the Southern
Hemisphere [Jaward et al., 2004].

3.2. Composition Profile

The PAH congener profiles were most likely influenced by the emission source [Liu et al., 2007; Xu et al., 2012]
and the amount of photodegradation based on its lifetime in the atmosphere due to their different atmospheric
reactivity [Butler and Crossley, 1981; Ding et al., 2007]. Either associated with substrates containing low carbon
content [Behymer and Hites, 1985, 1988] or high carbon content [Butler and Crossley, 1981], the half-lives of PAHs
varied significantly. Agreement was made on that the atmospheric half-lives of Phe, Flua, Chr, and Pyr were
obviously higher than BghiP, Ind, Ant, and BaP in most particle substrates [Behymer and Hites, 1985, 1988; Butler
and Crossley, 1981; Kamens et al.,, 1988], although controversies on the accurate values of half-lives is still
ongoing. In addition, high molecular compounds with low vapor pressure (Ind, BghiP, and BbK) significantly
dominated the PAH composition profile in atmospheric particles that was mainly impacted by the local
emission [Li et al., 2006; Liu et al., 2007]. Therefore, the composition profile of PAH would be influenced by the
atmospheric reaction to some extent.

Over the Asian marginal seas, samples were collected relatively close to the continents (Figure 1). The major
contributors to the total PAHs were high molecular weight PAHs (Figure 4), with the following sequence: Ind
(18.3%) > BghiP (17.8%) > BbF (12.6%) > Phe (9.8%). This profile pattern was consistent with the atmospheric
aerosol samples collected from typical continental emission source sites, such as Tianjin (BghiP 15%, BbF 12%,
Ind 8%, and Phe 5%) [Wu et al., 2005], Guangzhou (BghiP 13%, Ind 12%, BbF 11%, and Phe 7%) [Li et al., 2006],
and Singapore (BghiP 19%, Ind 15%, BbF 14%, and Phe 6%) [He and Balasubramanian, 2009]. The consistent
profile pattern indicates that the particulate PAHs over the Asian marginal seas came directly from the
surrounding continents through short-range transport with less photodegradation.

Generally, the proportion of high molecular weight PAHs to PAHs decreased significantly for samples near
the open oceans (South Indian Ocean, South Pacific Ocean, and North Pacific Ocean), with the exception
of some samples collected close to the land or harbors. The influence of the Oceans on the samples was
characterized by a predominance of Phe, Flua, and Pyr (Figure 4), which accounted for 20-30%, 10-20%, and
10-15% of the TPAHs, respectively. A similar PAH congener profile was reported in other remote regions
[Xu et al., 2012]. The majority of high molecular weight PAHs was present in the particulate phase due to their
low vapor pressures. As a result, high molecular weight PAHs scarcely reenter the atmosphere after
scavenging by the intensive dry/wet deposition, which occurs frequently during long-range atmospheric
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Figure 4. The box-whisker plot of PAHs congener profiles in the atmosphere over the Chinese marginal seas, the South
Indian Ocean, the South Pacific Ocean, and the North Pacific Ocean.

transport. However, Phe, Flua, and Pyr can revolatilize from the oceanic surface into the atmosphere [Jaward
et al., 2004] and then repartition between two phases due to their appropriate vapor pressures, as well as
their relative longer half-lives in particles as mentioned above, which would facilitate the increase of their
relative contribution to PAH profile. This phenomenon is in agreement with the global fractionation theory,
which suggests that high vapor pressure compounds tend to be transported to remote regions from the
emission sources [Simonich and Hites, 1995; Wania and MacKay, 1996]. Consequently, the depletion of high
molecular weight PAHs in the atmosphere occurred over the open oceans, which are isolated from both the
land and emission sources.

3.3. Source Identification

Biomass, coal, and petroleum combustion are the three most important anthropogenic PAH emission sources
[Zhang et al., 2008]. Of the three, biomass burning is considered as the largest contributor globally [Zhang
and Tao, 2009]. However, the relative contributions of numerous emission sources to YPAHs are significantly
country dependent [Zhang and Tao, 2009] due to differences in energy utilization, area of forest/savanna
cover, and the extent of development. Compared with the continents, the origins of atmospheric PAHs over
the oceans are rather complicated to identify because of the complexity of physiochemical processes during
transport and the difficulty in sampling. The PAH isomer ratios (Ant/Phe, BaA/Chr, Flua/Pyr, and Ind/BghiP) are
frequently used as the indexes to differentiate emission sources qualitatively [Ding et al., 2007; Guo et al.,
2003b; Liu et al., 2007] based on the knowledge that some PAHs remain at constant ratios after they are
emitted into the environment. Recently, studies found that only Ind/BghiP is robust enough to serve as
source identification for PAHs both based on model evaluation [Katsoyiannis, 2014; Zhang et al., 2005] and
field observation [Dvorskd et al., 2011]. In general, A ratio of Ind/(Ind + BghiP) lower than 0.2 indicates
nonburned petroleum as the primary input, a value between 0.2 to 0.5 indicates petroleum combustion, and
values higher than 0.5 suggest that biomass and coal burning are the primary inputs [Yunker et al., 2002].
However, the source apportionment values are not absolute boundaries [Yunker et al., 2002]. The results of
levoglucosan, an ideal molecular marker of biomass burning [Simoneit et al., 1999] due to its exclusive
emission source of biomass burning, were presented to better illustrate the potential sources of PAHs.
Although the controversies with respect to the issue of the atmospheric degradation rate of levoglucosan
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Figure 5. The variations in the values of Ind/(Ind + BghiP) and log(levoglucosan) over different oceanic regions along the
cruise. The highlighted samples (green) with the relative high level of levoglucosan and diagnostic ratios were impacted by
the biomass burning. Samples collected in harbors and neighboring area are excluded.

have never ended in laboratory experiments [Fraser and Lakshmanan, 2000; Hennigan et al., 2010], in the field
studies, levoglucosan, because of its large fraction in aerosols from biomass burning and relative atmospheric
stability, was employed well as a molecular marker to evaluate the impact of the biomass burning on aerosols
by numerous studies, including remote Arctic and Antarctic regions [Ding et al., 2013; Hu et al., 2013].

Figure 5 shows the variations of the Ind/(Ind + BghiP) ratios and levoglucosan concentrations during this
study. The highest levoglucosan concentrations were observed off coast of the Asian marginal seas (Table 1),
especially those samples close to the Chinese marginal seas (No. 1 to No. 6); except No. 95 collected in
summertime when the area was covered by air masses came from the Pacific Ocean. Most of the Ind/(Ind + BghiP)
ratios over this area indicate biomass and coal burning emissions, which was expected due to the fact that the
air masses sampled came from North China where domestic coal and biofuel are used intensively for heating
[Liu et al., 2007]. The Ind/(Ind + BghiP) values for samples No. 9, No. 10, and No. 13 were relatively low, suggesting
that petroleum combustion may exist. Sample No. 95 shows a signature of petroleum combustion as well.
This sample was taken over the South China marginal sea, which was likely influenced by anthropogenic
activities occurring in the coastal cities during that time period.

Over the South Indian Ocean, the highest levoglucosan concentrations occurred near harbors, which were
excluded in Figure 5. The concentrations in the atmosphere of the east oceanic region and high-latitude
ocean (>30°S) region were relatively lower than those collected in the atmosphere of west oceanic region
(Figure 5). This result is consistent with the results based on the values of Ind/(Ind + BghiP). Most of the ratios
from samples in the eastern area are lower than 0.5 or close to 0.5 suggesting less input from biomass/coal
combustion. The east oceanic region is most likely influenced by the air masses coming from west Australia
(Figure 1), where the prevailing wind can bring continental pollutants, possibly petroleum combustion
related, to the open ocean [Burt and Ebell, 1995]. Over the high-latitude oceanic region (>30°S), the values of
Ind/(Ind + BghiP) showed the similar characteristics of petroleum combustion. The air back trajectory model
analysis suggests that there was no continental influence during sampling in the high-latitude oceanic
region. In addition, in this latitude, the trade winds are from the remote open oceans. Therefore, the
atmosphere over the high latitudes in the Southern Hemisphere might be polluted by anthropogenic
activities, such as a holiday cruise, fishing, and scientific investigations. The more than 20 scientific stations
in Antarctica have exerted a negative impact on the Antarctic region [Caricchia et al., 1995; Curtosi et al.,
20071, as well as the exhaust emissions created during journeys to and from these scientific stations. When
the ship entered the western area of the South Indian Ocean region, the concentration of levoglucosan
became relatively high and the Ind/(Ind + BghiP) values were stable with a characteristic of predominately
biomass/coal burning. As the ship traveled north, the values increased, suggesting a stronger influence
from biomass/coal burning in this oceanic region. In samples No. 53 to No. 59, the Ind/(Ind + BghiP) value
decreased significantly, indicating that the air masses originated from a nonbiomass burning location.
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As mentioned in section 3.1, the oceanic region where samples (No. 53 to No. 56) were collected is most likely
impacted by the air masses from the North Indian Ocean. It is well known that the atmosphere over the North
Indian Ocean has been polluted by the combustion of biomass and fossil fuel [Crimmins et al,, 2004; Lelieveld et al.,
2001; Wisthaler et al., 2002]; thus, this study demonstrates a similar condition over the South Indian Ocean.

Over the Pacific Ocean, the levoglucosan concentrations in the atmosphere of the North Pacific Ocean (0.3 ng/m>)
were at the same level as that in the atmosphere of the South Pacific Ocean (0.35 ng/m* on average except the
sample of No. 67 collected at Suva harbor), which is largely different from the distributional pattern of PAHs over
the Pacific Ocean in this study. It may relate to the similar emission inventory of biomass-based aerosols on the
Northern and Southern Hemisphere [Intergovernmental Panel on Climate Change (/PCC), 2001]. The values of
Ind/(Ind + BghiP) for the majority of the aerosol samples indicates biomass/coal burning emissions. The open
ocean can serve as the background for global atmospheric levels, because it is far away from continental
emission sources. Given that the coal combustion in the Southern Hemisphere is very limited [Xu et al., 2012],
we inferred that particulate PAHs over the South Pacific Ocean were due to biomass burning. However, it is
worth pointing out that more lower values of Ind/(Ind + BghiP) appeared for the aerosol samples over the North
Pacific Ocean suggesting that there is input of petroleum combustion besides biomass/coal combustion in the
Northern Hemisphere. The global biomass burning-based aerosol were estimated as 28 and 26 Tg in the
Northern Hemisphere and the Southern Hemisphere, respectively [IPCC, 2001], but the anthropogenic
activity in the Northern Hemisphere is much greater than in the Southern Hemisphere. The levoglucosan
measurements over the Pacific Ocean in this study also show that there is no difference for biomass
burning between two hemispheres (Figure 5). Hence, it is reasonable to believe that the relatively high PAH
concentrations over the North Pacific Ocean, as well as the low Ind/(Ind + BghiP) ratios, compared to the
South Pacific Ocean were likely caused by the combination of emissions from different regions in the
Northern Hemisphere.

3.4. Fire Activity and Aerosol Optical Depth

Wildfires, both natural and man-made, can produce large amounts of aerosols and reduce atmospheric
visibility. Zhang and Tao [2009] reported that on a global basis, wildfire was the second highest contributor of
PAHs, accounting for 17% of total PAHs. South America, Africa, and South/Southeast Asia are the three most
important regions, where such fires are intense and occur regularly during the dry season each year. The
aerosol optical depth (AOD), an indicator of the aerosol amounts based on optical properties, exhibits the
same seasonal pattern. Figures S1-54 (see supporting information) display the global map of active fire spots
and AOD during our cruise of the Indian Ocean during the dry season (January 2007 to April 2007). The map
shows that the high aerosol loads are discernibly linked to the fire activities (Figures S1-54, each colored dot
indicates a location where Moderate Resolution Imaging Spectroradiometer detected at least one fire during
the compositing period. Color ranges from red where the fire count is low to yellow where number of fires is
large, https://earthdata.nasa.gov/data/near-real-time-data/firms/active-fire). The severe fire activity and the
high AOD were persistent throughout the dry season in Southeast Asia (Thailand, Cambodia, Laos, and
Vietnam), especially in March and April. The high aerosol loads are discernibly linked to the fire activities.
However, the aerosol amount can be elevated in the absence of significant fire activity. For example, there was no
obvious fire activity in India during January and February, while the corresponding AOD was elevated, which was
most likely a result from the large consumption of biofuel and fossil fuel in winter [Lelieveld et al., 2001]. A similar
phenomenon occurred in the East and South China. The AOD values in India were high in January and February
and they kept rising from March to April, when significant fire activity appeared in the Indian subcontinent and
elevated PAH concentrations were observed over the west oceanic region in the South Indian Ocean. It was well
documented that northeasterly winds derived from the Arabian Sea and South Asia would exert a negative
influence on the southern region of the Indian Ocean due to the southward movement of the Intertropical
Convergence Zone during winter [Crimmins et al., 2004; Lelieveld et al., 2001; Ramanathan et al., 2001; Wisthaler
et al., 2002]. Lelieveld et al. [2001] pointed out that fossil fuel combustion and burning of biomass caused high
aerosol loading over the Indian Ocean, and that this pollution extensively degraded air quality. Gustafsson et al.
[2009] further reported that the aerosol carbon over the Indian Ocean generated from biomass burning
contributed 67% of the total carbon and 68% of the elemental carbon. These combined results from fire
activities and AOD measurements demonstrated that except the wildfire burning in South/Southeast Asia, the
combustion of the fossil fuel and biofuel was also an important contributor to the PAHs over Indian Ocean.
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Figure 6. The temporal variations of fire activity in Africa (http://rapidfire.sci.gsfc.nasa.gov).

In the African continent, the fire activity shows a slight migratory trend from the north to the south in this
study. Several obvious fire incidents had already occurred in Southern Africa (Democratic Republic of the
Congo, Angola, Zambia, and Madagascar) in March and April (Figure 6). Investigation of the atmospheric
PAHs in Africa is still very limited, although emissions from this region accounted for 18.8% of the global total
[Zhang and Tao, 2009]. It was reported that numerous small fires, such as bush fires, emitted a high level of
PAHs in Africa [Jaward et al., 2004], which potentially resulted in the elevated particulate PAH concentrations
and diagnostic isomer ratios found over the oceanic region in this study during 1-10 April, which was
influenced by the wind from Southern Africa (Figure 3). Surprisingly, a study by Klanova et al. [2009] using
passive samplers found that the PAH concentrations at a background site in Mauritius (latitude —20.23,
longitude 57.49), located to the east of Madagascar, were significantly higher than those of samples from
Zimbabwe and South Africa. Although the PAH concentrations based on the passive samplers only represent
the gaseous PAHs, both gas and particle phase PAHs could change similarly with the change of the emission
sources [Akyliz and Cabuk, 2010]. Therefore, these PAH data based on the passive samples could reflect well
the seasonal change of the emission sources. Furthermore, the PAH levels in Mauritius between March and
April were higher than in January and February, suggesting that biomass burning in East Africa is likely to
cause elevated PAHs over the west oceanic area in the Southern Indian Ocean [Klanova et al., 2009].

4, Conclusions

The concentrations of PAHs in the atmospheric aerosols over the Asian marginal seas, southern Indian
Ocean, southern Pacific Ocean, and northern Pacific Ocean were reported in this study. The PAH levels over
the marginal seas were significantly higher than those over the open oceans, which suggested that
activities on the land had a significant impact on the oceans. Highest PAH concentrations appeared over
the Chinese marginal seas. This result was consistent with the fact that China is the biggest contributor to
global PAH emissions. The atmosphere of the Western Indian Ocean is most likely influenced by the outflow
from South/Southeast Asia or Africa, which leads to higher PAH concentrations in this oceanic region than
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in the surrounding oceanic area. Due to the intensive atmospheric physicochemical processes present
during long-range atmospheric transport, different PAH congener profiles were found between the open
oceans and marginal seas.

Similar to the previous study, this study confirmed that wildfires are a critical emission source for atmospheric
PAHs in Africa. These wildfire-based PAHs can migrate to the atmosphere in the western oceanic region in the
South Indian Ocean during the active wildfire seasons, resulting in the relatively high values of Ind/(Ind + BghiP)
and levoglucosan. For the aerosol samples collected in the vicinity of 12°S, the Ind/(Ind + BghiP) decreased
due to the input of nonbiomass burning sources. It is thought that this region is impacted by mixed air
masses from the Arabian Peninsula and South Asia. Overall, the PAH concentrations in the marginal seas and
open oceans of the Northern Hemisphere and the Southern Hemisphere reported in this study provide a
reference for future investigation of global oceanic atmospheric boundary layer PAHs with respect to the
emission sources, spatial variation, and controlling factors.
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