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� The relative importance of biomass burning CO increased in the higher latitudes.
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� O3 is mainly formed by photochemistry from CO in the NE Asia region.
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a b s t r a c t

Carbon monoxide (CO) and ozone (O3) were continuously measured in the marine boundary layer of the
East Sea, the Northwestern Pacific, and the Bering Sea onboard R/V Araon in the second halves of July and
September of 2012, as a part of the SHIpborne Pole-to-Pole Observations (SHIPPO) program. Depending
on the characteristics of each section of the cruise track, up to 66 ppbv and 17 ppbv of CO and O3

variability were observed, respectively. The O3/CO ratio suggests that O3 was dominantly produced by
photochemical reactions in the troposphere, although in the northern sections of the cruise track, the
ratio likely suggests vertical transport from the free troposphere or the lowermost stratosphere. To
analyze the source characteristics and the transport of both trace gases, a tagging technique in a 3-D
global chemical transport model (Model for OZone And Related chemical Tracers-4; MOZART-4) was
applied. The model reproduced the observations fairly well, and the technique enabled us to characterize
the source regions and composition of the observed CO. Anthropogenic emissions from Northeastern
Asian countries appeared to be substantial sources of the CO in the southern sections, and biomass
burning in Siberia was an important source of the CO observed in the northern sections of the cruise
track. Long-range transport of anthropogenic CO emissions was distinct over the Bering Sea, where the
comparable contributions from North America, Northeast Asia, and Europe were identified. Low CO
events driven by southern hemispheric invasion were encountered at the southern coast of the Korean
peninsula and in the North Pacific at ~50N latitude. The model pointed to a noticeable contribution from
the open ocean in the Southern Hemisphere for these events.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Investigating the variation of sources, sinks, and transport of
atmospheric trace gases is essential to understand the atmospheric
environment. Because atmospheric carbon monoxide (CO) is a
major sink of hydroxyl radicals (OH), it plays an important role in
estimating the atmospheric oxidizing capacity (Brenninkmeijer
et al., 1999). Additionally, it is closely related to ozone-related
chemistry and directly and indirectly contributes to the change of
radiative forcing (Crutzen and Zimmermann, 1991; Ehhalt et al.,
2001). Large amounts of CO are emitted from the incomplete
combustion of fossil fuels in urban areas as well as from biomass
burning. Thus, CO has been used as a tracer of anthropogenic
pollution and biomass burning plumes (Pfister et al., 2005; Shim
et al., 2009).

Atmospheric CO is a complex mixture of various sources and
sinks. Major sources of CO include the oxidation of methane (CH4)
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and non-methane hydrocarbons (NMHC) and direct emissions
from burning biomass and human activities (fossil fuel and biofuel
use) (Duncan et al., 2007). Atmospheric OH removes approxi-
mately 90% of the CO in the atmosphere, and the remainder is
removed by microbial uptake in the soil (Bergamaschi et al., 2000;
Hauglustaine et al., 1998; Sanhueza et al., 1998; Weinstock and
Niki, 1972).

Tropospheric O3 is mainly produced by photochemical reactions
in the troposphere, and approximately 10% of O3 is added by stra-
tosphereetroposphere exchange (Stevenson et al., 2006). O3 is a
primary source of the hydroxyl radicals in the troposphere. It acts as
a greenhouse gas, which contributes to global climate change, and
is a harmful air pollutant causing adverse health effects (IPCC,
2007). In urban areas and plumes from biomass burning, O3 is
produced from photochemical chain reactions of nitrogen oxides
(NOx) and volatile organic compounds (VOCs). In the free tropo-
sphere or remote and unpolluted areas, in the presence of NOx,
photochemical oxidation of CO and CH4 serves as the major process
producing O3.

Ground-based CO and O3 measurements are being conducted
by numerous independent air quality monitoring programs and
global monitoring networks led by the Global Monitoring Division
at the National Oceanic and Atmospheric Administration (NOAA
GMD) (Novelli et al., 2003) and the Global Atmospheric Watch
(GAW) of the World Meteorological Organization (Buchmann
et al., 2010). Although some monitoring stations are located in
coastal areas, they often observe the continental outflow from
polluted point sources. Thus, despite the significance of measuring
CO and O3 to understand photochemical reactions within the
marine boundary layer (MBL) (Dickerson et al., 1999; Heard et al.,
2006), few observations have been recorded due to limited
accessibility and research resources. Space-borne CO and O3 ob-
servations are also available (Edwards et al., 2006; Kim et al.,
2013). However, their vertical resolution and relatively long
revisit periods do not provide adequate information to investigate
changes in the atmospheric chemical environment in the MBL.
Thus, direct ship-borne high-resolution observations are essential
to understand the photochemical processes in the marine bound
layer.

We took advantage of Korean ice breaker R/V Araon's regular
visit to the Arctic Ocean and the Southern Ocean under the SHIp-
borne Pole-to-Pole Observations (SHIPPO) program, which facili-
tates high-resolution measurements of atmospheric components,
including CO and O3. We conducted continuous observations along
the R/V Araon's route to the Arctic Ocean and during the return to
Korea. Here, we analyzed the influence of anthropogenic and
biomass burning emissions on the variability of CO and O3 over the
Northwestern Pacific and the Bering Sea. Along with onboard
measurements, a 3-D Global Chemical Transport Model (Model for
OZone And Related chemical Tracers e 4; MOZART-4) (Emmons
et al., 2010) was used to simulate the concentrations of these
trace gases and aided in the analysis of the contribution of sources
and regional contributions to the atmospheric CO observed along
the cruise track.

2. Observations

2.1. Cruises

This study was composed of two research cruises. R/V Araon left
Incheon, Korea, on July 13, 2012, and arrived at Nome in Alaska,
U.S.A., on July 29. After finishing the Arctic survey, she left Nome,
Alaska, on September 11 and arrived at Busan, Korea, on September
23. Both cruises covered the East Sea, Northwestern Pacific, and the
Bering Sea (Fig. 1).
2.2. Continuous measurements of CO and O3

The observations of atmospheric CO were made using Off-Axis
Integrated Cavity Output Spectroscopy (Off-Axis ICOS: N2O/CO
analyzer; Los Gatos Research, USA) (Ar�evalo-Martínez et al., 2013;
Zellweger et al., 2012). The instrument was set up in a seatainer
located on the top of the bridge. A 1.8-m long air inlet chimney,
coated with Teflon on the surface, was seated near the right front
edge on the top of the seatainer. A Pyrex manifold was located right
behind the chimney and in front of the blower. The ambient air
entered the air inlet and was ventilated through the manifold at
300 m3min�1 by the blower. Air samples werewithdrawn from the
manifold to the cavity cell at ~400 mL min�1 by a pump mounted
inside the instrument. The cell pressure was maintained at 85 torr.
Mean value data were acquired every 10 s. The instrument was
calibrated with a standard gas (500(±10) ppb, Scott-Marrin Inc.)
once per week. We also analyzed the ambient CO using a gas
chromatograph (RGA3, Trace Analytical Co.), which detected the Hg
produced by reacting with CO and HgO, to determine whether a
drift occurred from the relatively long calibration interval and to
verify our high frequency measurement. In the 1-to-1 plot, they
provided a robust correlation coefficient (r2 ¼ 0.98) (see Fig. S1).
The mean absolute difference (1=N �PjCORGA � COLGRj) of the
concentrations is defined as 3.2 ppbv.

The O3 concentration was continuously measured using a
typical photo-absorption technique (Thermo 49i), and the data
were stored every 5 min. The instrument was calibrated at the
Korea Research Institute of Standards and Science (KRISS) a few
weeks before starting the cruise.

2.3. Identification of ship exhaust

Sudden changes in the CO and O3 concentrations were probably
due to emissions from the ship exhaust. The high frequency (0.1 Hz)
CO concentration was used to remove the polluted air recorded in
the data according to the following procedure. First, the data ac-
quired when the relative wind speed (with respect to the ship
speed) was lower than 2 knots were discarded to avoid potential
influence from the stack emission due to local turbulence. When
the contaminated air was drawn into the air inlet, the instrument
detected high CO with short-term fluctuations. Thus, we only kept
the data that had a standard deviation for one minute that was less
than 1 ppbv. Finally, when the relative wind direction against the
ship's heading was between 180� and 270�, where the ship stack
was located from the air inlet, a strict criterion was applied; the
data with 1-min standard deviations larger than 0.1 ppbv were
rejected. The time window where CO passed this quality control
was also applied for O3 (Fig. S2).

2.4. Transport of air parcels

The Hybrid Single Particle Lagrangian Integrated Trajectory
(HYSPLIT) model (Draxler and Hess, 1998) was applied to calculate
5-day backward trajectories of air parcels along the cruise tracks
(Fig. 1). The HYSPLIT model was run, with archived NCEP/NCAR
reanalysis meteorology (Kistler et al., 2001) at a 2.5� � 2.5� hori-
zontal resolution and 28 vertical sigma levels reaching 10 hPa.
Based on this, the cruise tracks were divided into ten air masses
(Table 1).

During the July cruise (sections IeV), air parcels were mainly
transported over the ocean. The planetary boundary layer height
(PBLH) that was obtained by LIDAR during the July cruise was
approximately 400 m. Most of the trajectories indicate that the air
masses were transported below the PBLH. In section I, we
encountered air parcels advected from the South China Sea and



Fig. 1. HYSPLIT 5-day backward trajectories calculated every 6 h along the cruise track. The top panel shows the July cruise from Incheon, Korea, to Nome Alaska, U.S.A., and the
bottom panel shows the September cruise from Nome Alaska, U.S.A., to Busan, Korea. The color codes indicate the sections of the cruise track defined in Table 1. Green, red, blue,
yellow, and violet correspond to sections I to IV in the top panel, and the same order of colors corresponds to sections VI to X in the bottom panel. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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the Philippine Sea. Compared to the other sections, the backward
trajectories in section II suggest little transport to the sampling
position with air parcels originating from the nearby East Sea.
Table 1
SHIPPO cruise track divided based on the origin of the air masses identified by the HY
concentrations of each section.

Name ID Start End

<Incheon e Nome>
South Asia I 7/13/2012 18:00 7/16/2
Northern Japan II 7/16/2012 12:00 7/19/2
Aleutian Islands III 7/19/2012 06:00 7/21/2
North Pacific IV 7/21/2012 18:00 7/25/2
Siberia V 7/25/2012 14:00 7/29/2
<Nome e Busan>
Arctic Sea/East Siberia VI 9/11/2012 18:00 9/15/2
Siberia/Okhotsk Sea VII 9/15/2012 18:00 9/18/2
North Pacific VIII 9/18/2012 15:00 9/20/2
Northern East Sea IX 9/20/2012 06:00 9/22/2
Korean Peninsula X 9/22/2012 00:00 9/23/2
During the cruise in section III, air parcels were transported from
the northeast of the cruise track (Aleutian Islands), and in section
IV, from the south of the cruise track (the open ocean of the North
SPLIT 5-day backward trajectories and the statistical distribution of the CO and O3

CO (ppbv) O3 (ppbv)

Mean sd Mean sd

012 12:00 144.9 66.2 31.8 12.6
012 06:00 145.4 25.9 33.4 10.2
012 18:00 107.4 25.0 24.6 4.9
012 14:00 110.0 17.7 24.3 4.3
012 20:20 103.0 9.3 21.7 4.6

012 18:00 127.5 1.3 28.3 4.0
012 15:00 127.3 4.1 26.1 3.1
012 06:00 109.7 33.9 24.5 17.0
012 00:00 128.2 9.3 42.9 5.3
012 00:00 179.6 17.8 62.7 5.7



K. Park, T.S. Rhee / Atmospheric Environment 111 (2015) 151e160154
Pacific). In section V, air parcels were dominantly passed through
the Kamchatka Peninsula and far eastern Siberia.

During the September cruise, we encountered air parcels that
were predominantly from the eastern Siberian subcontinent,
except in section VIII. In section VI, air parcels were transported
toward the south from the Arctic Ocean or from eastern Siberia. The
characteristics of the backward trajectories in sections VII and VIII
are clearly different. The former was transported from the free
troposphere of eastern Siberia, and the latter from the marine
boundary layer of the North Pacific. In both sections IX and X, air
parcels were transported southward; in section IX, air parcels were
passed over the East Sea, and in section X over the Korean
Peninsula.
3. A 3-D global chemical transport model (MOZART-4)
simulation

We used the MOZART-4 global chemical transport model to
simulate the CO and O3 concentrations along the cruise tracks.
MOZART-4 contained more than 130 chemical and aerosol species
and approximately 200 reactions and was driven by the Goddard
Earth Observing System Model, Version 5 (GEOS-5) meteorology
(Rienecker et al., 2008). In addition to the standard full chemistry
Fig. 2. CO source emission regions tagged in the MOZART-4 simulation. The 11 regions are ta
tagged for ocean sources (right panel).

Fig. 3. CO (orange) and O3 (blue) concentrations in the marine boundary layer along the crui
AK) and in September (Nome, AK e Busan), respectively. Note that the extended gaps in the
Fig. S2 for the complete measurements. (For interpretation of the references to colour in th
model, we added tags for the sources (anthropogenic, biomass
burning, biogenic, ocean, and chemical production) and for the
emissions regions of CO, which allowed us to analyze the source
composition and regional influence of CO. Fig. 2 illustrates tagged
emission regions for anthropogenic and biomass burning sources
(11 regions) and ocean sources (3 regions). Thus, a total of 27 tagged
CO species were independently transported and reacted in the
model. The model had a horizontal resolution of 1.9� � 2.5� and
simulated up to 2 hPa, with 56 vertical levels. The chemical species
were reacted and transported every 15 min in the model, and the
results were averaged and recorded every 6 h. For the surface CO
emission inventories, we used 2012's monthly emission of MACC/
CityZEN EU projects (MACCity) (Lamarque et al., 2010) and the Fire
INventory from the NCAR (FINN) (Wiedinmyer et al., 2011) dataset
for anthropogenic and biomass burning sources, respectively. The
monthly POET inventory (Olivier et al., 2003) for 2000 was used for
biogenic and oceanic CO emissions.
4. Results and discussion

4.1. CO and O3 observations

The CO and O3 concentrations varied substantially during the
gged for anthropogenic and biomass burning sources (left panel), and the 3 regions are

se track. The upper and lower panels indicate two expeditions in July (Incheon e Nome,
July measurements result from data flagged for contamination by ship exhaust; refer to
is figure legend, the reader is referred to the web version of this article.)
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cruise (Fig. 3). In particular, the CO and O3 concentrations observed
in the area close to the Korean peninsula or Japan (sections I, II, VIII,
and X in Fig. 3) fluctuated frequently, which is also demonstrated by
the large standard deviation in Table 1. Those large CO and O3
concentrations may be due to the anthropogenic emissions from
northeastern Asian countries, China, Korea, and Japan, as suggested
by the backward trajectory analyses (see Fig. 1).

While the CO varied as small as a few ppb over the Bering Sea
(sections IV, V, VI and VII), the variation of O3 was as much as
~25 ppb. Since O3 is predominantly formed and removed by
photochemical reactions in the atmosphere, although these sec-
tions are far from the intense local sources such as urban
(anthropogenic emission) or biomass burning area, the O3
responded more sensitively than the CO in the remote regions. This
implies that, for O3, the ground emissions of its precursors would
not be the sole factor controlling the O3 concentrations in the re-
gions, but instead that O3 was possibly influenced by the input from
the free troposphere or the lowermost stratosphere, as indicated by
the backward trajectory analyses (see Fig. 1). This is explained in
more detail in section 4.5 below.

In section IV, where air masses were transported from the
central Pacific (Fig. 1), CO varied slightly (110.0 ± 17.7 ppbv), indi-
cating that local sources should be far from that area and that the
CO was well-mixed (Pfister et al., 2008). The concentration differ-
ence of ~20 ppb between section IV and V in July and section VI and
VII in September is likely to be caused by the seasonal cycle of CO in
the Bering Sea. Because approximately 90% of CO is removed by the
COþOH reaction, sunlight plays a central role in CO removal. This is
also consistent with the CO trend observed at one of the NOAA
GMD network stations (Novelli et al., 2003), Shemya Island station
(52.71�N,174.13�E), which is closest to the cruise track in the Bering
Sea; the CO concentration during late July was 101.9 ppbv,
increasing to 122.7 ppbv in September.

4.2. Comparison to model simulation

In Fig. 4, the 6-h mean concentrations of the modeled and
observed CO and O3 are compared in scatter plots. The model
simulations were consistent with the observations in both CO
(r¼ 0.58) and O3 (r¼ 0.43) (see also Fig. S4). The model would have
produced more realistic results if the data from sections I, IX and, X,
near the Korean peninsula and Japan, were not included. The
Fig. 4. Scatter plots between the observed and modeled CO and O3 concentrations. Blue squ
and X that were strongly influenced by anthropogenic emissions. For both CO and O3, the mo
are excluded. (For interpretation of the references to colour in this figure legend, the reade
largest difference occurred in section I, probably because either the
model did not properly account for the influence of air masses
transported from the South China Sea or the emission rates of
anthropogenic sources in the Northeast Asian countries would have
been too strong to accurately predict. This is also supported by the
CO data obtained at the site of Tae-Ahn (36.73�N, 126.13�E), one of
the NOAA GMD network stations, nearby the cruise track, on July 2
and 19. The CO concentration was 166.5 ± 8.0 ppbv, which is close
to the measured CO concentration in section I (144.9 ± 66.2 ppbv;
Table 1).

Over the Northwestern Pacific and the Bering Sea (sections II to
VIII), the model simulated the observations fairly well. The absolute
mean differences between the model results and observations are
19.5 and 7.9 ppbv for CO and O3, respectively. Over the Bering Sea
(sections V and VI), where the model simulated the observations
best among the cruise tracks, the differences in CO and O3 are
merely 0.9 and 8.2 ppbv in section V and �3.0 and 0.2 ppbv in
section VI, despite the temporal difference of the two sections.

Fig. 5 shows the model-observation difference of CO and O3. As
one may expect, they show a robust correlation (r ¼ 0.82). CH4 and
CO are major sources of tropospheric O3 production in low NMHC
environments, such as the free troposphere or the MBL, where our
observations were conducted. Because we can assume a relatively
constant CH4 concentration in the observation regions, the positive
correlation in Fig. 5 informs us that the errors in the modeled O3

may come from the deviation of CO simulation from the observa-
tions. This is evident in that the model deviation for both CO and O3

occurs where the model overestimated the CO concentrations, e.g.,
sections I, II, VIII, IX, and X.

4.3. CO source composition

Source contributions to the CO in the MBL along the cruise track
were calculated using a tagging technique in MOZART-4 (Park et al.,
2013; Pfister et al., 2008; Rienecker et al., 2011). A time series of the
concentration from each source is shown in Fig. 6, and the relative
source composition in each section is illustrated in Fig. 7.

Chemical production composes all of the CO produced by
photochemical reactions in the troposphere, including the oxida-
tion of CH4 and NMHCs. This is the biggest source of CO in the
troposphere (Duncan et al., 2007). In September, we found it pre-
dominant among the sources as its contribution was 65 ppbv on
ares represent all of the 6-h mean data and red dots exclude the data from section I, IX
del results correspond better to the observations when the data from section I, IX and X
r is referred to the web version of this article.)



Fig. 7. Relative source strengths of CO in each section.

Fig. 5. Mean CO and O3 concentration difference between the modeled and the
observed data in each section. The correlation between the model-observation dif-
ference of CO and O3 gives a correlation coefficient of 0.82. The error bars represent a
1-s of the model-observation difference in each section.

K. Park, T.S. Rhee / Atmospheric Environment 111 (2015) 151e160156
average. In July, when the photochemical destruction (CO þ OH)
was strong, its net contribution decreased and was quite different
to anthropogenic emissions; the mean value of 83 ppbv from
anthropogenic emissions exceeded chemical production by
45 ppbv.

The influence of anthropogenic emissions prevailed over
Northeast Asia in both the July (sections I and II) and September
Fig. 6. Variation of the CO source composition that was calculated from the tagged MOZAR
bottom panel is for the September cruise (Nome, AK e Busan).
cruises (sections IX and X). In particular, the CO in section I was
predominantly composed of the anthropogenic sources.

During summer, Siberian boreal forest fires are usually frequent
(van der Werf et al., 2010). Thus, the anthropogenic influence be-
comes weaker than emissions from biomass burning in eastern
Siberia. The variability of anthropogenic sources decreased as R/V
Araon sailed far from the source region, and biomass burning
emissions appeared to govern the variation of the total CO con-
centration. Especially in section VI and VII, biomass burning con-
tributes 23% and 25% of total CO, which are close to the
T-4 simulation. The upper panel is for the July cruise (Incheon e Nome, AK), and the
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anthropogenic emissions of 29% and 26%, respectively.
In seawater, CO is produced by the photochemical oxidation of

chromophoric dissolved organic matter. While the ocean has been
known to be a minor source of tropospheric CO, the model simu-
lation indicates that the air in the MBL of the open ocean (section III
and IV in Fig. 7) contains oceanic CO up to 6e8 % of the total CO
concentration. The substantial oceanic CO contribution is due to the
minimum total CO concentration and strong oceanic CO production
during summer (Olivier et al., 2003). Hence, within the MBL, we
argue that the role of oceanic CO should not be neglected for un-
derstanding summer season CO-related chemistry.
4.4. Long-range transport of CO

Fig. 8 shows the relative contributions of CO source areas in
terms of biomass burning, anthropogenic activities, and oceanic
production. During the expedition, 54% of the CO from biomass
burning originated from Siberian wild fires. Along with this, the
contribution of Southeast Asian biomass burning comprised
approximately 20% of the CO from biomass burning in the North-
east Asian area, which includes sections I, II, IX and X. North
American biomass burning contributes as little as approximately
3%, on average, except near Alaska (sections V and VI), where 7%
(section V) and 9% (section VI) of the total CO from biomass burning
was derived from North America.

Anthropogenic CO from Northeast Asia prevailed along the ship
track (59% on average). However, its influence decreased at higher
latitudes. In sections V and VI, considerable amounts of anthropo-
genic CO were also transported from Europe and North America;
the former contributed 26% and the latter 14% to the total anthro-
pogenic CO. Nonetheless, Northeast Asia was the dominant source
of anthropogenic CO in this area (35%).

We also analyzed CO sources transported from the Southern
Hemisphere (SH). The anthropogenic emissions in the SH are fairly
small, and one may expect a limited influence of SH anthropogenic
CO during the cruise (Fig. 8). The model calculation indicates that
11% and 18% of the CO in sections I and X, respectively, originated
from southern hemispheric biomass burning. Although the ocean is
Fig. 8. Relative contribution of CO sources from various regions to the given section of the
traced and 3 regions are defined for ocean emissions in the model.
a minor source of tropospheric CO on a global scale, in sections I
and X, where the cruise tracks are located in the lowest latitudes in
July and September, respectively, oceanic CO transported from the
SH was calculated to be 21% of total oceanic CO concentration,
despite a two-month difference in the two sections. Therefore, this
model calculation not only implies a notable amount of CO pro-
duction in the SH ocean but also suggests its potentially important
role in CO-related chemistry in the Northern Hemispheric MBL.
4.5. Analysis of the COeO3 relationship

Correlation between CO and O3 may provide information about
sources of air masses (Harris et al., 2000; Hirsch et al., 1996; Jaffe
and Wigder, 2012; Kim et al., 2013; Parrish et al., 1993; Pfister
et al., 2006). In remote regions where VOCs rarely exist, O3 is
mainly produced from photochemical reactions of CO and CH4
when NOx concentrations are sufficiently high. Relatively lower O3
concentrations can be observed near the sources of CO, but as an air
mass ages, the O3 concentration increases with the decreasing CO
concentration. Additionally, the O3 production rate can be esti-
mated from the slope of the ratio of [O3]/[CO]. Different than in the
air mass aging process, negative COeO3 correlations could be
observed when stratospheric O3 is intruded to the troposphere or
O3 production is inhibited by NO in fresh pollution plumes (Lee and
Feldstein, 2013).

Fig. 9 shows the observed COeO3 correlation in each section.
The slopes range from 0.15 to 0.54 and are comparable to the values
in the literature (Chin et al., 1994; Parrish et al., 1993). The re-
lationships showed robust positive correlations (r ¼ 0.62e0.96),
except in sections VI, VII and X. This indicates, during the cruises,
that the observed O3 is likely to originate from the photochemical
reactions of CO.

The slopes in sections I and X are 0.15 and 0.12, respectively.
Because these regions are heavily influenced by Northeast Asian
pollution, they showed lower slopes. Because the anthropogenic CO
emissions prevail over NOx emissions in Northeastern Asia, this is a
typical O3 production rate in this area (Ding et al., 2009; Streets
et al., 2006). Although the air masses in both sections IX and X
cruise track. For biomass burning and anthropogenic sources, 11 emission regions are



Fig. 9. Correlation between observed O3 and CO in each section. Strong correlations can be seen in most of the sections, which could suggest that O3 is mainly produced from photochemical reactions of CO. In section VI and VII, the
correlations are distinctively different from the other sections, suggesting contributions of other O3 sources, such as free troposphere or the lowermost stratosphere.
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were transported southward from Northeastern China, the slope of
section IX (0.48) is clearly different from that of section X (0.12).
Five-day backward trajectories (Fig. 1) indicate that the air masses
encountered in section IX passed through the Northern part of the
East Sea, whereas those in section X blew over the Korean penin-
sula. This suggests that section X is more directly influenced by
anthropogenic emissions than section IX.

The COeO3 correlation in sections VI and VII is distinctively
different from the others. While the concentration of CO was
almost constant, the O3 concentration varied. Moreover, a negative
slope is found in section VII as well as a weak correlation. This
implies that the air masses in these sections have been transported
away from the surface CO emission sources (i.e., the aged air masses
were transported down from the free troposphere or the air masses
were influenced by stratospheric O3 intrusion). Because these
sections are in a high latitude region, the tropopause heights are
relatively low and the backward trajectories showed that the air
masses were transported from relatively higher altitudes than the
other sections (see Fig. 1).

In Fig. 10, the modeled COeO3 relationship in each section is
compared to the observations. For most sections, the modeled and
observed COeO3 slopes are laid closely onto the 1-to-1 line. How-
ever, for the sections VI, VII and IX, the observed COeO3 slopes are
distinctly larger than the modeled slopes. Nevertheless, consid-
ering the large errors in the slopes of sections VI and VII, the
modeled slopes do not substantially differ from the observations
and suggest that the air masses are not influenced by the surface
CO. Because section IX showed the second largest CO model-
observation difference (Fig. 5), the lower slope of the modeled
COeO3 relationship could be associated with the overestimated
modeled CO. Moreover, the modeled slope close to 0 (�0.01 ± 0.06)
implies that O3 production from CO is inhibited by VOCs- or NOx-
related O3 production in the model because our simulation results
(Figs. 7 and 8) showed that this region is strongly influenced by
Northeastern anthropogenic emissions. Thus, a more accurate
modeling result can be acquired in section IX, when more realistic
NOx and CO emission inventories and chemistries are developed
Fig. 10. A comparison of the slopes between the modeled and observed COeO3 rela-
tionship in each section. Six-hour mean concentrations were used in the analysis, and
the error bars represent the standard error of the slopes. The 1-to-1 line is shown as a
blue dotted line. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
and implemented in the model.

5. Summary and conclusions

As a part of the SHIPPO program, summer tropospheric CO and
O3 were continuously measured over the Northeastern Pacific,
including the East Sea and the Bering Sea. Different sections of the
cruise track revealed their characteristic variability. The CO and O3
variabilities in each section ranged from 1 to 66 ppbv and
3e17 ppbv, respectively (see Table 1).

The CO-tagged MOZART-4 simulation provided useful insight
regarding the origin and transport of observed chemical species.
Model-observation differences occurred in the remote area e the
Northeastern Pacific and the Bering Sea e suggesting that the
biomass burning CO inventory needs to be updated, as this source
played a central role in the CO concentration variations in the high
northern latitudes. In the Northeastern Asia outflow region, a large
model-observation difference was found. The elevated concentra-
tions in MOZART-4 are somewhat affected by the overestimated
biomass burning CO inventory as well. However because this area is
influenced by numerous anthropogenic pollutants, including CO,
NOx and NMHCs, a more detailed evaluation of anthropogenic CO
emissions and a more accurate scheme of the chemical CO pro-
duction should help to reduce the model-observation differences.

Anthropogenic emissions were a dominant source of CO in
Northeastern Asia, and the relative importance of biomass burning
increased in the higher latitude portion of the cruise track. The
regional tagged CO revealed the anthropogenic CO composition
over the Bering Sea region. In addition to Northeast Asian emis-
sions, European and North American anthropogenic emissions also
influence this region. In particular, the contribution of European
anthropogenic emissions was comparable to Northeast Asia's.

In open ocean regions, the contribution of oceanic CO was up to
8% of the total CO concentration, and near the Korean peninsula,
approximately 20% of oceanic CO was transported from the SH.
Thus, the ocean is potentially an essential CO source of the MBL CO
variations during the summer.

Positive correlations between CO and O3 in the observations
suggest that O3 was likely formed by photochemical reactions from
CO. However, this positive correlation was not sustained over the
Bering Sea, associated with contributions of aged air masses
transport from the free troposphere or possible downward trans-
port of the lowermost stratospheric O3. The modeled COeO3 rela-
tionship is generally consistent with the observations.
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