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Abstract: From July to September 2012, during the fifth Chinese National Arctic Research
Expedition (CHINARE), the concentrations of black carbon (BC) aerosols inside the marine
boundary layer were measured by an in situ aethalometer. BC concentrations ranged from
0.20 ng'm " to 1063.20 ng'm ", with an average of 75.74 ng'm . The BC concentrations
were significantly higher over the mid-latitude and coastal areas than those over the remote
ocean and high latitude areas. The highest average concentration was found over offshore
China (643.44 ng'-m ) during the cruise, while the lowest average was found over the Arctic
Ocean (5.96 ng'm ). BC aerosol was found mainly affected by the terrestrial input and
displayed seasonal and spatial variations. Compared with the results from the third and
fourth CHINARE of summer 2008, and summer 2010, the inter-annual variation of BC over
the Arctic Ocean was negligible.
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1. Introduction

Black carbon (BC) aerosol is a kind of amorphous carbon released to the atmosphere by incomplete
combustion of fossil and biomass fuels [1]. It can be found in the atmosphere, soil, snow, ice, ocean and
lake sediments. BC is the main component in atmospheric aerosols absorbing sunlight and can hardly be
depleted through chemical reactions in the atmosphere. It is mainly removed by rain and snowfall [2].
Compared with greenhouse gases in the atmosphere, such as CO,, CH4, and O3, black carbon has a wider
absorption band from ultraviolet to infrared. Therefore, the black carbon in the atmosphere can influence
the earth-air energy balance system through absorbing solar and atmospheric radiation, thus affecting the
climate. Previous studies pointed out that BC aerosol may be the second major cause of global warming,
just following CO,. The direct radiation forcing of BC can reach up to 0.9 W-m %, which is 55% of that
caused by CO,, and larger than the other greenhouse gases, such as methane, chlorofluorocarbons and
ozone [3]. The process of forming BC also releases scattered aerosols, such as sulfate, nitrate and
organic carbon, which have a cooling effect on Earth’s radiation budget. Previous studies implied that
scattered aerosols can greatly increase the BC positive radiation forcing [4].

The Arctic Ocean is surrounded by Eurasia and the North American mainland, with a high population
density. Climate change in this region has caused great concern in academic fields and society. Since
1970, more and more scholars began to research the influence of human activities on the climate and the
ecological environment of the Arctic regions. IPCC pointed out that, in the trend of global warming, the
Arctic warming rate is almost two times the average rate of the world [5], while the Arctic sea ice area is
reduced by a rate of 2.7% per ten years [6]. Although BC is a short-lived atmospheric component,
compared with other greenhouse gases, its radioactive forcing has an important impact on the climate of
the Arctic region [7]. Black carbon was identified in the Arctic haze aerosols by Rosen et al. [8] and in
Arctic snow by Clarke and Noone [9]. The BC polluted ice surfaces can effectively reduce the ice
albedo, make ice absorb more solar radiation and, thus, lead to the accelerated melting of the ice and an
increased temperature [10]. The Arctic Monitoring and Assessment Program (AMAP) reported that the
effect BC has on Arctic warming by its high radiative forcing is nearly four times that of the global
average of 0.6 °C per year BC has garnered wide attention as an important component of atmospheric
aerosols, because of its impact on the Arctic climate.

During the fifth Chinese Arctic Research Expedition (CHINARE 2012), BC concentrations over
oceans were measured in situ. This study provides updated information on the spatial distribution of BC
over oceans from low latitudes to high latitudes and the scientific foundation for future evaluation and
research on climate and environment change in the Arctic regions.

2. Experimental Methods
2.1. The Cruise Route

BC concentrations were monitored on the icebreaker, Xuelong, during the 5Sth CHINARE 2012. The
icebreaker set sail from Qingdao on 2 July 2012, and came back to Shanghai Harbor on 27 September
2012. The research regions included offshore China, the Sea of Japan, the Northwest Pacific, the Bering
Sea, the Chukchi Sea and the Arctic Ocean (Figure 1). Especially, different from previous CHINARE:S,
the icebreaker passed through the Arctic Ocean along the northern sea route and visited Iceland during
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this cruise. The entire route lasted for more than 80 days and sailed more than 18,500 nautical miles. The
navigation in the ice region (sea ice amount >80%) was up to 5370 nautical miles with a northernmost
point of 87°40’N.

Figure 1. The route of the 5th Chinese Arctic Research Expedition (CHINARE).

2.2. Observation and the Data Processing

An aethalometer (Model AE31, by Magee Scientific Co.) was placed on the icebreaker and used to
monitor BC concentrations over oceans along the cruise. The aethalometer uses an LED light source with
seven wavelengths (central wavelengths: 370, 470, 520, 590, 660, 880 and 950 nm). Five-minute averaged
BC concentrations were recorded. Details of the observation method were described by Tang et al. [11].
Generally, the instrument was installed in the meteorological room, under the forecastle cab of the Xuelong.
The sampling inlet used specific plastic tubes of 3/8-inch (1 inch = 0.025 m) diameter and extended to the
left rear of the sample observation deck atop the cab. The air inlet was about 1.5 m higher than the deck
fence and 30 m higher than the sea surface. The engine is in the rear of the vessel. BC were not affected
by the plume during the normal voyage. However, when the vessel stopped, it sailed at low speed or the
relative directions were from the rear, it may have been influenced by the ship’s emissions. Considering
ship speed, relative wind speed and direction and other information, abnormal data was removed, and a
“smooth baseline” was used as a reference. This baseline is obtained by applying a moving spline
smoothing method to the five-minute BC dataset. Disturbed data with values 3-sigma (hourly standard
deviation) higher than baseline in the 5-minute original record were excluded [11]. Then, hourly average
values were calculated. Effective data obtained after the processing accounted for about 80.07% of the
total original data.
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2.3. Air Mass Back Trajectories

In order to identify the origin of air masses and the source of aerosols, air mass back trajectories (BTs)
were traced by the transmission diffusion model of HYSPLIT (hybrid single-particle Lagrangian
integrated trajectory) from the Air Resources Laboratory of the United States National Oceanic and
Atmospheric Administration [12]. Seven-day BTs were shown for each significant site at the altitude of

50 m above sea level.
3. Results and Discussion
3.1. Temporal and Spatial Variation of Hourly Average Concentration

Hourly averaged concentrations of BC during the cruise are presented in Figure 2. There is no data
over the coastal regions of Russia, because the instrument was shut down, due to sovereign reasons. BC
concentrations over oceans varied by a wide range from 0.20 ng'm° to 1063.20 ng'm °, with an average
of 75.74 + 163.07 ng'm . Here, the entire cruise was divided into different parts, referring to spatial and

temporal variations (Table 1).

Figure 2. Hourly average concentrations of black carbon aerosols along the fifth CHINARE.
(a) Departing route; (b) return route.
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The highest average concentration was found over offshore China during the return route
(643.44 + 152.15 ng'm °) with a median of 603.33 ng'm . The Sea of Japan during the return route also
had quite high BC concentrations, with a mean value of 443.87 + 266.09 ng'm ° and a median value of
460.61 ng'm . In addition, BC concentrations over the Sea of Japan, offshore China and the coastal
region of Iceland were at relatively high levels. Additionally, those over the Northwest Pacific Ocean,
the Bering Sea, the Chukchi Sea and the Arctic Ocean were at relatively low levels. The lowest average
concentration of BC occurred over the high latitude Arctic Ocean (5.96 = 4.58 ng-m_3), with a median
of 4.87 ng'm .
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Generally, due to the significant impact of human activities, BC concentrations over coastal
regions, such as offshore China, the Sea of Japan and the coastal region of Iceland, were much higher
than those over remote oceans, such as the Arctic Ocean. According to hourly averaged data, BC
concentrations in the anchorage of Yangtze River Estuary on 23 September 2012, significantly
increased to 753.76 ng'm . This may cause a higher average concentration over offshore China than
that over the Sea of Japan.

The average concentrations of BC over remote oceans in the mid-latitude areas (30°~60°N), such as
the south edge of the Okhotsk Sea, the Northwest Pacific Ocean, the Bering Sea and the Bering Strait,
were similar: about 15-33 ng-m_3. For these areas, BC concentrations were stable, and the standard
deviations were relatively small, indicating that BC was well mixed in the boundary layer during
long-range transport. Nevertheless, for the Bering Strait, some high BC concentrations were observed,
due to the input from nearby land. These data would be discussed, especially in Section 3.4.

Table 1. Black carbon concentrations of different seas along the fifth CHINARE
Arctic route.

Number Sea Names Time Average/ng'm’ SD/ng'm’ Median/ng-m’
1 Offshore China 6.27-7.3.2012 192.81 102.80 203.27
2 Sea of Japan 7.3-7.6.2012 170.89 69.19 170.75
3 Sea of Okhotsk 7.6-7.8.2012 32.81 23.64 25.69
4 Northwest Pacific Ocean 7.8-7.11.2012 15.18 7.95 13.00
5 Bering Sea and Bering Strait ~ 7.11-7.19.2012 21.89 12.98 21.50
6 Chukchi and East Siberian Sea  7.19-7.24.2012 21.81 15.67 15.11
7 Barents Sea 7.31-8.2.2012 9.40 5.39 7.88
8 Norwegian Sea 8.2-8.14.2012 14.66 9.98 11.56
9 Iceland 8.16-8.20.2012 142.61 114.26 136.04
10 Greenland Sea 8.22-8.24.2012 11.03 4.53 10.19
11 High latitude Arctic Ocean 8.24-9.6.2012 5.96 4.58 4.87
12 Chukchi and East Siberian Sea 9.6-9.7.2012 19.51 9.70 16.95
13 Bering Sea and Bering Strait 9.8-9.14.2012 18.23 13.45 13.49
14 Northwest Pacific Ocean 9.14-9.19.2012 24.24 16.47 19.26
15 Sea of Japan 9.19-9.21.2012 443.87 266.09 460.61
16 Offshore China 9.21-9.23.2012 643.44 152.15 603.33

In the high latitude areas, including the Chukchi and East Siberia Sea, the Norwegian Sea, the Barents
Sea, the Greenland Sea and the high latitude area of the Arctic Ocean, BC concentrations were obviously
lower than those in the middle latitudes and coastal seas. Large distances from human activities and low
temperatures with a weak exchange and mixing effect of air masses caused low BC concentrations in
these regions. The results in the Arctic Ocean will be specifically discussed in the following section.

3.2. BC Concentration in the Arctic Region

In the Arctic, the deposition of BC aerosols in the snow or ice surface can change the physical and
chemical properties of snow or ice and make the surface absorb solar radiation more effectively [9].
Therefore, BC can accelerate the melting of snow and ice, cause tundra or the sea surface to be exposed
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to air and, thus, stimulate a stronger climate warming effect [13]. In the dry winter, aerosols from high
latitudes migrate to the Arctic region. They gather and form an Arctic haze [14—17], heating the lower
atmosphere, causing the warming effect. Accompanied with Arctic haze, the warming effect of BC is
also greatly enhanced and even could cause surface air temperature to rise by 0.5 °C [7]. Many studies
showed that BC aerosol is a very effective warming component in the Arctic, and its impact on mountain
snow and glaciers is even comparable with CO, [7,18,19].

The ice core records in Greenland showed that BC concentrations increased significantly since the
industrial revolution and decreased since the Soviet Union’s industrial decline [20]. Due to the fast
economic development of Asia in the late 20th century, BC concentrations increased again [20].
Although the ice cores can be used to reconstruct the variation of BC concentration in long time
scales, for a better understanding of the transmission mechanism and atmospheric effects of BC in
the Arctic, in situ observation is necessary.

According to an observation from 1989 to 2003 in Barrow and Alert by Sharma et al. [21], the annual
average concentration of BC aerosol was about 25 ng-m_3 . Eleftheriadis et al. [22] found that the annual
average concentration of BC observed at Zeppelin during 1998 to 2007 reached 39 ng'm>. Besides,
BC concentrations in summer were generally lower than those in winter and annual averages. For
example, in China’s Yellow River Station, the BC concentration observed during a summer
expedition was 15 ng'm ° [23]; while the average concentration during summer was only 7 ng'm° in
Zeppelin [22]. The phenomenon in which BC had a higher concentration in winter was in accordance
with the seasonal variations of BC in ice cores [20]. It was associated with the change of the Arctic front
position. Studies showed that the Arctic front moves northward in the summer and, thus, prevents
pollution from the surrounding continents to the higher latitude area. However, the Arctic front moves
southward in winter to about 50°N, so more pollutants can be transported to the Arctic from lands in
lower latitudes [24].

Furthermore, air masses at these stations were influenced by different meteorological conditions [24,25],
such as ground inversion and katabatic wind, so the observed results varied significantly. On the other
hand, being affected by the industrial emissions, forest fires and other factors, BC concentrations were
quite different from year to year.

Some studies on BC aerosol in the Arctic have been conducted [5,21-23,26-33] (Table 2). In this
study, the average concentration of BC in the Arctic Ocean (north of 72 °N) was 5.96 ng'm °. Compared
to previous studies in summer, our results showed a lower concentration than that at Zeppelin, Yellow
River Station and Alert, but higher than that at Barrow station. Unlike stations affected by the local
geographic and meteorological conditions and human activities, this expedition comprised a large
spatial range, and the result in this study could represent the average concentration of BC in the Arctic
marine atmosphere.

3.3. Comparison with Previous CHINARE Results

The results were compared with the average concentrations of BC over the Arctic Ocean during the
third and fourth CHINARE in 2008 and 2010 [32] (Figure 3). The cruise during the fifth CHINARE
passed through the Arctic Ocean via the northern sea route. The sea located at more than 72°N was
divided into smaller regions, such as the Barents Sea, the Norwegian Sea and the Greenland Sea, in order
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to provide a more detailed distribution of BC aerosol. During the return route, the vessel passed through
the high latitude Arctic Ocean. Obviously, the BC concentrations over the Arctic Ocean were
geographically different (Table 1). The lowest was found to be in the central Arctic Ocean. In addition,
the BC level was relatively high in the Chukchi and East Siberian than the Barents Sea, Greenland Sea
and Norwegian Sea. However, despite the cruise routes being somewhat different, the BC concentrations
of the Arctic Ocean among three campaigns were not significantly different. One of the potential reasons
may be due to the change in the position of the Arctic front in summer. As previously reported, the Arctic
front moves southward in summer, so that it reduces the input of BC from lower latitude regions [24]. In
the event of long-range transport, the air mass will be also mix uniformly. In addition, there are no obvious
local sources of BC in the Arctic Ocean. Consequently, the BC concentrations are kept stable in the Arctic
Ocean compared to other regions.

Table 2. Black carbon concentrations at Arctic land sites and the Arctic Ocean.

BC Concentration

Site or Route Period 3 Ref.
/ng'm
Ny-Alesund April 1977-May 1979 68 (3~174) [26]
(78.9°N, 11.9°E) 1990-1992 80 [27]
Zeppelin, Ny-Alesund 1998-2007 39 (0~80) 2]
(78.9°N, 11.9°E) June—September 1998-2007 0~10
Yellow River Station,
Ny-Alesund Summer 2005-2008 15 [23]
(78.9°N, 11.9°E)
Norwegian part of the Arctic June—September 1980 5 [28]
1986-1995 10~5,000 [29]
1988-1993 26 (1~300) [5]
Barrow 1989-2003 20~40 [21]
(71.2°N, 156.6°W) January 1989—December 1990 70 (16~320) [30]
2006-2007" 14.1 33]
2006—August 2007* 34
1989-2002 8~96 [31]
Alert 1989-2003 25~73 [21]
(82.4°N, 62.3°W) 2004-2005 52.2 33]
August 2004-2005 14.3
) August 2008 6.4 (3.0~10.7)
Arctic Ocean August 2010 6.9 [32]
High latitude Arctic Ocean August 2012 5.06 This work

(>72°N)

Notes: * Barrow Station used the Particle Soot Absorption Photometer for observation, which is

different from the other stations and this work. The directly measured data are the aerosol

absorption coefficient (Labs). Labs are converted to equivalent black carbon concentration (EBC)
via the empirical conversion formula, EBC (ngrm ) = Labs (M'm ") x 1000/19 (m*g"). This
formula is taken from the National Oceanic and Atmospheric Administration/Global Monitoring

Division, USA.
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Figure 3. Black carbon (BC) concentrations of the same sea areas during the third, fourth
and fifth CHINARE-Arctic.
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Besides over the Arctic Ocean, BC concentrations over other seas during the three cruises were also
compared in Figure 3. The spatial variation of BC during the three cruises showed similar
characteristics, e.g., high concentrations in mid-latitudes and coastal areas and low levels in high
latitudes and remote oceans. The average concentrations of BC over the same seas during the third,
fourth and fifth CHINARE-Arctic were very close. However, the average concentration over offshore
China during the fourth one was higher than that during the third and fifth CHINARE. The difference
between the three expeditions in the offshore China area may be due to the different residence time and
meteorological conditions in the anchorage. In addition, the amount of data in this area was limited, and
this area is deeply affected by regional human activities. Generally, the interannual change of BC
concentration in the same areas in recent years was small.

3.4. Impact of Terrestrial Transport

As concluded in Table 1, besides significant difference among different seas, BC concentrations also
changed even in the same seas during the departing route and the return route of the fifth CHINARE. Over
offshore China and the Sea of Japan, the BC average concentration during the return route (September) was
higher than that during the departing route (July). A similar phenomenon was also observed during previous
CHINARESs. This seasonal variations were associated with monsoon and the related transport of air
masses [34]. As a terrigenous composition, BC over oceans is dominated by transport from continents [11].

During the departing route in July, offshore China and the Sea of Japan were controlled by a summer
monsoon prevailing from the southeast direction. Therefore, the transport from lands to oceans was
relatively weak. However, during the return route in September, the summer monsoon was greatly
weakened or generally disappeared, so the transport from continents to oceans significantly enhanced.
The change of the monsoon caused BC concentrations during the return route to be higher than those
during the departing route.
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Figure 4. Cont.
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BC concentrations at some similar locations during the departing and return route were selected to
discuss the influence of transport. As presented in Figure 4, although both the two sites were near the shore
of China, Qingdao (Figure 4a) and Shanghai (Figure 4f), the origin of the air mass was quite different.
When departing from Qingdao, the air mass was mostly derived from the Pacific Ocean. When returning
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to Shanghai, the air mass mainly came from mainland China. The change of air mass origin caused much
higher BC concentrations near Shanghai than those near Qingdao. A similar situation occurred in offshore
China and the Sea of Japan. As shown in Figure 4b,c, air masses over offshore China and the Sea of Japan
in June and early July originated from remote oceans, so the concentrations of BC were relatively low.
Nonetheless, the air mass over these areas was mostly from inland and coastal cities and, thus, led to
high-level BC aerosols. BC concentrations over the Northwest Pacific Ocean varied in such a way.

BC concentrations over the Bering Sea and the Bering Strait, the Chukchi Sea and the East Sea of
Siberia during the departing route were a little higher than those during the return route. It was found that
the voyage was closer to the mainland in both of these two sea areas during the departing route.
Specifically, while passing through the Bering Sea and the Bering Strait during the departing route, the
vessel stayed for a long time around St. Lawrence Island, Port Noam and Cape Prince of Wales. During
this time, the BC average concentration was relatively high. During the return route, the vessel sailed
near the Kamchatka Peninsula, but BC concentrations did not increase significantly. During the
departing route (Figure 5a,b,c), when the vessel sailed through the Bering Sea to the Bering Strait area,
seven-day air mass backward trajectories showed that the air mass came from mid-latitude continents.
The air mass brought a high-level BC aerosol and caused relatively higher BC concentrations. During
the return route (Figure 5d,e,f), the vessel also passed through St. Lawrence Island and Port Noam. The
air mass over these areas mainly came from the higher latitude Arctic, where human activities were
limited. In addition, the backward trajectories near Kamchatka Peninsula showed that the air mass was
not from the lower latitudes during the return route. Therefore, BC concentrations in this area did not
increase and caused lower concentrations during the return route than those during the departing route.

4. Summary

During the fifth CHINARE in July to September 2012, BC in the marine boundary layer ranged from
0.20 ng'm ° to 1063.20 ng'm °, with an average of 75.74 ng'm . Because BC was strongly impacted by
human activities and originated from continents, the concentrations were significantly higher in the
mid-latitude and coastal area than those in remote oceans and the high latitude area. The highest average
concentration of BC was found over offshore China and the Sea of Japan, and the value during the return
route (~200 ng'm ) was much higher than that during the departing route (400-700 ng'm°). This
difference was caused by a monsoon and the change of the air mass origin, e.g., marine origin during the
departing route and land origin during the return route, respectively. The central Arctic Ocean had the
lowest BC concentration, and the average was only 5.96 ng'm . Compared with the results from the
third and fourth CHINARE, BC concentrations over the Arctic Ocean in recent years were relatively
stable. Besides, along the whole cruise, BC concentrations also showed a similar spatial variation with
previous studies.
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