
ACPD
11, 15631–15657, 2011

Atmospheric O2 and
CO2 changes of

pollution events in
East Asia

C. Minejima et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Atmos. Chem. Phys. Discuss., 11, 15631–15657, 2011
www.atmos-chem-phys-discuss.net/11/15631/2011/
doi:10.5194/acpd-11-15631-2011
© Author(s) 2011. CC Attribution 3.0 License.

Atmospheric
Chemistry

and Physics
Discussions

This discussion paper is/has been under review for the journal Atmospheric Chemistry
and Physics (ACP). Please refer to the corresponding final paper in ACP if available.

Analysis of ∆O2/∆CO2 ratios for the
pollution events observed at Hateruma
Island, Japan
C. Minejima1,*, M. Kubo2, Y. Tohjima1, H. Yamagishi1, Y. Koyama1,
S. Maksyutov1, K. Kita3, and H. Mukai1

1National Institute for Environmental Studies, Tsukuba 305-8506, Japan
2Graduate School of Science and Engineering, Ibaraki University, Mito,
Ibaraki 310-8512, Japan
3Faculty of Science, Ibaraki University, Mito, Ibaraki 310-8512, Japan
*now at: Department of Chemical Engineering, Tokyo University of Aguriculture and
Technology 184-8588, Japan

Received: 11 May 2011 – Accepted: 15 May 2011 – Published: 23 May 2011

Correspondence to: C. Minejima (cminejima@gmail.com)

Published by Copernicus Publications on behalf of the European Geosciences Union.

15631

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/15631/2011/acpd-11-15631-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/15631/2011/acpd-11-15631-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 15631–15657, 2011

Atmospheric O2 and
CO2 changes of

pollution events in
East Asia

C. Minejima et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Abstract

In-situ observations of atmospheric CO2 and O2 concentrations at Hateruma Island
(HAT, 24◦ N, 124◦ E) often show synoptic scale pollution events when air masses are
transported from East Asian source regions. We calculate the regression slopes (-
∆O2/∆CO2 molar ratios) of the correlation plots between O2 and CO2 for selected5

pollution events observed between October 2006 and December 2008. The observed
-∆O2/∆CO2 ratios vary from 1.0 to 1.7. Categorizing the air mass origins for the pollu-
tion events by using back trajectory analysis, we find that there is a significant difference
in the average -∆O2/∆CO2 ratios between events from China (1.14±0.12, n=25) and
Japan/Korea (1.37±0.15, n=16). These values are comparable to the -O2:CO2 mo-10

lar exchange ratios, which are estimated from the national fossil fuel inventories from
CDIAC. Simulations using a particle dispersion model reveal that the pollution events
at HAT are predominantly CO2 emissions from the combustion of fossil fuels in East
Asian countries, which is consistent with the above observational results. Although the
average value of the model-predicted -∆O2/∆CO2 ratios for Japan/Korea origin is un-15

derestimated in comparison with the observation, that for China origin agree well with
the observation. The sensitivity experiment suggests that the -∆O2/∆CO2 ratio at HAT
reflects about 90% of the change in the -O2:CO2 exchange ratio for the fossil carbon
emissions from China.

1 Introduction20

There is a tight negative stoichiometric coupling between oxygen (O2) flux and carbon
dioxide (CO2) flux of land biotic respiration and photosynthesis processes and burn-
ing processes of fossil fuels and biomass. The -O2:CO2 molar exchange ratios are
different for the land biotic and burning processes because the ratio is basically depen-
dent on the elemental compositions of related organic and inorganic matters. Keeling25

(1988) estimated the -O2:CO2 ratios for coal, liquid fuel, and natural gas burning to
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be 1.17±0.03, 1.44±0.03 and 1.95±0.04, respectively. The estimated global average
-O2:CO2 molar exchange ratio for land biotic processes is 1.10±0.05 (Severinghaus,
1995). On the other hand, an analogous stoichiometric coupling between O2 and CO2
fluxes for air-sea gas exchange processes does not exist because oceanic CO2 flux is
significantly suppressed by a chemical equilibrium between dissolved CO2, bicarbon-5

ate and carbonate ions.
The O2 and CO2 fluxes from land biotic and burning processes should cause the

correlative changes in the atmospheric concentrations of O2 and CO2 downwind of
the source region. Recent improvements in O2 measurement technique have enabled
the detection of high-frequency changes in atmospheric O2 concentrations simultane-10

ously with that of CO2 (Manning et al., 1999; Stephens et al., 2003; Yamagishi et al.,
2008) and the -∆O2/∆CO2 changing ratios for such pollution events have recently been
used to constrain the contributions from individual sources. For example, Stephens et
al. (2003) conducted continuous in situ measurements of O2 and CO2 on research
cruises in the equatorial Pacific and Southern Oceans and found that some short-term15

variations were caused by the combustion of liquid fossil fuels. Stephens et al. (2007)
also found clearly different -∆O2/∆CO2 ratios corresponding to the land biotic exchange
and fossil fuel burning in short-term atmospheric O2 and CO2 variations over a forest
canopy at the WLEF tall-tower research site in Northern Wisconsin. In addition, Lueker
et al. (2001) examined the varying -∆O2/∆CO2 ratio in short-term CO2 and O2 varia-20

tions at Trinidad Head when the observations were influenced from wildfire emissions
and discuss the relationship between the ratio and wildfire dynamics.

The National Institute for Environmental Studies (NIES) has been measuring atmo-
spheric O2 and CO2 by flask sampling at Hateruma Island (HAT, 24◦ N, 124◦ E) since
July, 1997 at a frequency of several flasks per month (Tohjima et al., 2003; Tohjima et25

al., 2008). To capture more frequent O2 variations, we started in-situ O2 measurements
at HAT from October 2006. The prevailing wind direction in winter time is northwest due
to the East Asian monsoon. Therefore, the observations at HAT often show pollution
events influenced by emissions from East Asian countries from the late fall to early
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spring each year (Tohjima et al., 2002; Yokouchi et al., 2006; Tohjima et al., 2010).
This setting gives us a unique opportunity to analyze the relation between O2 and CO2
variations in the pollution events with respect to the East Asian source regions.

In this manuscript, we investigate the -∆O2/∆CO2 ratios for the pollution events ob-
served at HAT. Source regions of the individual pollution events are distinguished by5

back trajectory analysis, and the observed -∆O2/∆CO2 ratios are compared with the
calculated -O2:CO2 ratios based on reported compositions of the fossil fuel types at
their air mass origins. In addition, we analyze the contribution of regional emissions
and the individual sources to the observed O2 and CO2 changes, and we adopt atmo-
spheric transport models based on a Lagrangian particle dispersion model, FLEXPART10

(Stohl et al., 1998), and conduct comparisons between the observation and the model
simulation.

2 Observation data and analytical methods

2.1 Observation at HAT

HAT is a small elliptical (longer in the east-west direction) island with an area of15

12.7 km2 and a population of 600, and is located at the southern edge of Japanese
archipelago. The monitoring station is situated on the eastern edge of the island, and
the prevailing wind direction at the station is northerly in winter and southerly in sum-
mer. Local emissions from the island were determined to be not a significant influence
on the observations at HAT.20

The air is sampled from an inlet at the height of 36.5 m on a tower (46.5 m above
sea level) at a flow rate of about 9 STP L/min by a diaphragm pump (MOA-P108-HB,
Gast Mfg. Corp., Benton Harbor, MI, USA). The air intake is covered with an inverted
circular cylinder (diameter: 10 cm, height: 15 cm) and the sampling line is composed
of a 1/2 inch OD stainless steel tubing. The sampled air is then introduced into the25

O2/N2 measurement system including a gas chromatograph equipped with a thermal
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conductivity detector (GC/TCD). Details of sampling, analyzing and data processing
methods are described elsewhere (Tohjima, 2000; Yamagishi et al., 2008). The CO2
concentrations are continuously measured by a nondispersive infrared analyzer (NDIR)
(Mukai et al., 2001).

Changes in O2 concentration are expressed as a relative deviation of the O2/N2 ratio5

from an arbitrary reference according to

δ(O2/N2)= [(O2/N2)sample/(O2/N2)reference−1]×106. (1)

Following Keeling and Shertz (1992), we use the units of “per meg” to express the
δ(O2/N2) value. A value of 4.8 per meg is equivalent to the mole fraction of 1 µmol
mol−1 (ppm) in a trace gas abundance. Here, the δ(O2/N2) values are determined10

against our original reference scale (Tohjima et al., 2008). The O2/N2 ratio was mea-
sured every 10 min and the standard deviation of the O2/N2 ratio measurement is esti-
mated to be±14 per meg (∼3 ppm), thus has a standard error of ±6 per meg (∼1.2 ppm)
for an one-hour average. The CO2 values are reported on the NIES gravimetric stan-
dard scales (NIES-09) based on the CO2-in-air standard gases prepared by gravimetric15

one-step dilution method (Machida et al., 2011). The CO2 analytical precision is about
0.1 ppm.

In this study, we analyze the hourly O2/N2 ratios and CO2 mixing ratios observed
during the period from October 2006 to December 2008 (Fig. 1). The observed CO2
clearly shows secular increasing trend and seasonal cycle with an increase in the fall20

and winter and decrease in the spring and summer, while the observed O2/N2 shows
the opposite trend and seasonal cycle. Besides these relatively long-term variations,
the CO2 and O2/N2 show the short-term variations with the synoptic time scales asso-
ciated with the pollution events especially in the late fall to early spring.

2.2 Correlation analysis of pollution events25

In order to extract the short-term variation components of CO2 and O2/N2, we first
obtain smooth-curve fits to the data following the methods of Thoning et al. (1989) with
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a cut-off frequency of 4.6 cycles yr−1 (see Fig. 1), and then subtract the smooth-curve
fits from the original time series. The extracted short-term variations are denoted by
the ∆ notation as ∆CO2 and ∆O2.

Hourly ∆CO2 and ∆O2 measurements over a one-month period (7 November to mid
22 December 2007) are shown in Fig. 2a and 2b, respectively. From these short-term5

variations, we identified pollution events as follows. First, we found largely varying
∆CO2 events where the difference between the maximum and minimum is larger than
4.1 ppm (twice the standard deviation of whole ∆CO2) and the duration ranged from
12-h to 3-days. It should be noted that the start and end times of events are deter-
mined by peak like variations by visual inspection. Then the correlation coefficient (r)10

between ∆O2 and ∆CO2 variations and the linear regression slope (-∆O2/∆CO2 ratio)
are computed for each event. For the following analysis, we discarded events with
|r |<0.8. Adopting this criterion, we eliminated about 40 % of the pollution events and
in total, we analyzed 67 pollution events in the followings. For example, we identified
three pollution events during the 1-month period as shown in Fig. 2.15

We categorize the origins of the pollution events into 3 regions: China, Japan/Korea
and other, using a kinematic 5-day back trajectory calculated by the METEX (METeo-
rological data Explorer, http://db.cger.nies.go.jp/metex/) (Zeng et al., 2003). Altitude of
the starting point for the calculation is set at 40 m above ground level, which is close
with the altitude of the sample inlet. Arrival time of each air mass corresponds to the20

time when the highest CO2 concentration in each event is observed.
In the back trajectory calculations, the National Center for Environmental Prediction

(NCEP) reanalysis data with a time resolution of 6 h, latitude/longitude grid of 2.5 de-
gree and 17 pressure levels are used (Kistler et al., 2001). The first country to intersect
the back trajectory is assigned as the origin of the air mass. Among the 67 pollution25

events, 25 and 16 events are assigned to China and Japan/Korea origins, respectively.
Figure 3 shows all resulting trajectories assigned to China and Japan/Korea as their
origins with four events assigned to other as examples.
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2.3 Model simulation

2.3.1 Lagrangian Particle Dispersion Model (LPDM), FLEXPART

In order to investigate the influence of regional fluxes and the contributions of indi-
vidual flux categories to the pollution events, a Lagrangian particle dispersion model,
FLEXPART v3.2 (Stohl et al., 1998), is used in this study. FLEXPART calculates the5

trajectories of multiple tracer particles using mean winds interpolated from the meteoro-
logical fields and random motions representing turbulences. Three-hourly meteorology
data from Global Forecast System (GFS) provided by the National Center for Environ-
mental Prediction (NCEP) are used as the meteorological fields, which have a spatial
resolution of 1◦×1◦. In each simulation, 10,000 particles are released from a receptor10

position (the inlet of the tower at HAT in this study) and transported eight days back-
ward in time. The time step of the calculation is 900 s and each transported particle
absorbs the CO2 and O2 fluxes (kg m−2 day−1) of its location once a day when it is lo-
cated under the altitude of 1000 m. Changing the criterion altitude where the particles
absorb the fluxes from 300 m to 2000 m, we found no significant difference in resultant15

CO2 concentrations. At last, CO2 and O2 fluxes each particle absorbed are summed
and concentrations were calculated using the method developed by Seibert and Frank
(2004). The CO2 and O2 concentration changes calculated this way include the influ-
ence of fluxes and meteorology for the previous eight days, which gives enough time
for particles to spread over the East Asia.20

The CO2 flux from fossil fuel burning and cement production (FFB&C) was produced
based on the flux used in TransCom model simulation, fossil98 (Law et al., 2008).
The flux was originally made from the Carbon Dioxide Information Analysis Center’s
(CDIAC) national total of the year 1998 (Marland et al., 2003) and spatial distribution by
1◦×1◦ EDGAR (Olivier and Berdowski, 2001). FFB&C was prepared for each year and25

was kept constant throughout the year. This fossil98 was modified so that the national
totals of the top 20 CO2 emitting countries match the emissions of that year (Marland
et al., 2007). In order to make the CO2 flux from FFB&C for the year 2008, the increase
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rates from 2006 to 2007 for the top 20 countries were used. The biospheric CO2 uses
optimized CASA flux (Nakatsuka and Maksyutov, 2009) and oceanic component is
air-sea CO2 flux from Takahashi et al (2002). The biospheric and oceanic fluxes are
available monthly and they are converted into daily fluxes through linear interpolation.

The O2 fluxes from FFB&C was produced by multiplying the CO2 flux from FFB&C by5

the -O2:CO2 exchange ratios calculated by the corresponding fuel compositions. The
national -O2:CO2 ratios of 1.11, 1.37, and 1.31 for China, Japan and Korea, respec-
tively, are used for the fluxes in 2006. For the remaining countries, a single -O2:CO2
ratio, 1.45, based on the average fuel compositions of these remaining countries is
used to produce the O2 fluxes. Similarly, the O2 fluxes from the terrestrial biosphere10

(TB) are prepared as a product of the optimized CASA flux and the land biotic -O2:CO2
exchange ratio of 1.1. For O2 flux from ocean, we use the monthly mean climatological
oceanic fluxes of Garcia and Keeling (2001).

2.3.2 The global coupled Eulerian-Lagrangian transport model (the coupled
model)15

The atmospheric CO2 and O2 changes predicted by FLEXPART only reflect the re-
gional fluxes within the range of locations of dispersed particles for up to eight days
in this study. In order to include larger scale background influence, we also use a
global coupled Eulerian-Lagrangian transport model (coupled model) developed by
Koyama et al. (2011). It is comprised of a global Eulerian transport model, the NIES-TM20

(Maksyutov et al., 2008), and a regional LPDM, FLEXPART. The NIES-TM component
gives the initial concentration of the air mass eight days in the past, and FLEXPART
gives the eight days plume transport for 10 000 particles. The CO2 concentrations sim-
ulated by NIES-TM at the location of each particle at eight days back is averaged to
predict the influence of the background CO2 concentration. The same flux set that was25

used for FLEXPART was used for the coupled model. NIES-TM is driven by JCDAS-25
and is run with a horizontal resolution of 2.5◦×2.5◦, with 15 sigma levels. JCDAS-25
has a time resolution of 12-h and a spatial resolution of 2.5◦×2.5◦.
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3 Results and discussion

3.1 Observed -∆O2/∆CO2 ratios

The -∆O2/∆CO2 ratios for the observed pollution events categorized as the China and
Japan/Korea origins are shown in Fig. 4a, in which the ratios are collapsed into a sin-
gle year. Although the -∆O2/∆CO2 ratios for both events show large variability with5

a range from 1.0 to 1.7, the range for China origin tends to be lower (1.0–1.4) than
the latter (1.1–1.7). Therefore, the average -∆O2/∆CO2 ratios are 1.14±0.12 for China
and 1.37±0.15 for Japan/Korea, respectively (uncertainties given here are 1σ standard
deviations). The Welch’s t-test reveals that the average of the -∆O2/∆CO2 ratios be-
tween China and Japan/Korea events differ with more than a 99.9% confidence level.10

For comparison, we also calculate the average -O2:CO2 exchange ratios of FFB&C
for China and Japan/Korea using the 2006 national fossil carbon inventories provided
by CDIAC (Boden et al., 2010) and the -O2:CO2 molar exchange ratios for individual
fuel types (Keeling, 1988). The calculated -O2:CO2 exchange ratios are 1.11±0.03
for China and 1.34±0.02 for Japan/Korea, which show excellent agreements with the15

above average -∆O2/∆CO2 values for the observed pollution events from the corre-
sponding regions. These values are summarized in Table 1 and are plotted in Fig. 5.
It should be noted that the higher percentage of the CO2 emissions from coal burning
and cement manufacturing for China results in a significantly lower -O2:CO2 ratio of
1.11 in comparison with Japan and Korea. Note that, the -O2:CO2 ratio associated20

with cement manufacturing is zero because CO2 emission from it does not involve O2
consumption.

These results suggest that the observed air masses arriving at Hateruma predomi-
nantly reflect the characteristics of CO2 emission and O2 consumption from fossil fuel
burning at their source regions, and that land biotic and oceanic fluxes contribute little25

to the observed O2 and CO2 variations in these pollution events.
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3.2 Simulated -∆O2/∆ CO2 ratios

Figure 2 also shows the time series of the hourly ∆CO2 and ∆O2 data simulated by
FLEXPART and the coupled model. The model results generally well reproduce the
observed pollution events. However, precise comparisons reveal that there are often
differences in the phase and size between the simulated and observed CO2 and O25

short-term variations associated with the pollution events. Therefore, the simulated
pollution events whose phases are off by more than 10 h and whose sizes are less than
1.4 ppm (twice the standard deviation of whole modeled ∆CO2) are discarded in the
following analysis. Using these criteria, we obtain 27 pollution events (14 China events
and 13 Japan/Korea events) by the FLEXPART and the coupled model simulations.10

Note that all the correlation coefficients for the simulated CO2 and O2 variations of the
selected 27 pollution events are larger than 0.8.

Figure 4b shows the -∆O2/∆CO2 ratios calculated by FLEXPART and the coupled
model for the 27 selected events. In general, the -∆O2/∆CO2 ratios of FLEXPART and
the coupled models agree well with each other although the Japan/Korea events in15

February and March show slightly different -∆O2/∆CO2 ratios between the two models.
Figure 6 shows a scatter plot of the -∆O2/∆CO2 ratios simulated by FLEXPART

versus the observed ratios. The model-simulated -∆O2/∆CO2 ratios do not necessarily
reconstruct the individual observed ratios. When all events in Fig. 6 are taken as a
group, a high correlation is not seen. However, upon examining the relationships for20

the China events and Japan/Korea events separately, we find significant correlation for
the Japan/Korea events with a correlation coefficient (r) of 0.79 and a regression slope
of 0.71. On the other hand, both the observed and simulated -∆O2/∆CO2 ratios of
China events have small variations and are clustered around 1.1.

The averages of the -∆O2/∆CO2 ratios for the model predictions together with those25

of observations are also summarized in Table 1 and are plotted in Fig. 5. The averages
of the observed and simulated -∆O2/∆CO2 ratios for the China events agree well with
a 95 % confidence level (Welch’s t-test). Other the other hand, for the Japan/Korea
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events the simulated -∆O2/∆CO2 ratios are significantly lower than those of the obser-
vation with the same confidence level. Some of the average -∆O2/∆CO2 ratios from
the model predictions are slightly smaller than the land biotic -O2:CO2 exchange ratio
of 1.1. This is mostly due to ocean fluxes because we find that removing the oceanic
CO2 and O2 components brings those averages closer to 1.10.5

The simulated -∆O2/∆CO2 ratios by FLEXPART and the coupled model for the China
events are very close to each other. Although the average values of the simulated -
∆O2/∆CO2 ratios by FLEXPART and the coupled model for the Japan/Korea events
show a small difference, but it is not significant with the 95 % confidence level from the
Welch’s t-test. These results suggest that the background influence to the -∆O2/∆CO210

ratio for the pollution events is relatively small.

4 Discussion

As described in the previous section, there are excellent agreements between the ob-
served -∆O2/∆CO2 ratios and the calculated -O2:CO2 exchange ratios based on the
fossil fuel statistics for China and Japan/Korea. This result suggests that the pollution15

events at HAT are predominantly due to FFB&C fluxes and that contributions from land
biotic and oceanic fluxes are relatively small. To examine the contributions of individual
flux components in short-term variations, the ∆CO2 components derived from FFB&C,
TB and ocean are depicted in Fig. 7, which shows that most of the peaks come from
FFB&C emissions. That is due to CO2 fluxes of FFB&C at the grids corresponding20

to urban areas, which are generally an order of magnitude larger than their TB CO2
fluxes and two orders of magnitude larger than oceanic ingassing fluxes (CO2 is ab-
sorbed slightly by the ocean in the marginal region of the East Asia at this time of year).
In addition, the predominant contribution of FFB&C to the predicted pollution event is
due to the more localized nature of CO2 emissions from FFB&C in highly populated25

areas, whereas TB CO2 emission is rather widely distributed over the country with little
spatial variability. Thus, FFB&C CO2 appears as peaks while TB CO2 is smeared as
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background.
In order to elucidate that FFB&C is the main contributor to the modeled -∆O2/∆CO2

ratio and not the fluxes from TB, two sensitivity tests are performed. First, a FLEX-
PART model simulation is performed in which the land biotic -O2:CO2 ratio changed
from 1.1 to 1.0, and the -∆O2/∆CO2 ratios are recalculated. This brings the average -5

∆O2/∆CO2 ratio for China events from 1.08 to 1.05, while the average -∆O2/∆CO2 ratio
for Japan/Korea events stayed at 1.09. Second, the national -O2:CO2 ratio for China
is changed from 1.11 to 1.00 and O2 fluxes from FFB&C is prepared with the ratio.
Then -∆O2/∆CO2 ratios were recalculated after the FLEXPART model simulation. This
brings the average -∆O2/∆CO2 for China and Japan/Korea from 1.08 to 0.98 and 1.0910

to 1.06, respectively. The results of these two experiments confirm that the average
-∆O2/∆CO2 for China is much more sensitive than the Chinese national -O2:CO2 ratio
than to the land biotic -O2:CO2 exchange.

On the other hand, the average predicted -∆O2/∆CO2 for Japan/Korea events is also
affected by the national -O2:CO2 ratio of China while it is insensitive to the value of the15

land biotic exchange ratio. It is consistent with the rather low value of the predicted
-∆O2/∆CO2 for Japan/Korea. It suggests that the contribution of emissions from China
to the pollution events assigned as Japan/Korea is overestimated in the model simula-
tions and about 50 % of FFB&C CO2 contribution on average comes from China.

Figure 8 shows footprints of representative pollution events. Figure 8a is an event20

assigned to China. Figure 8b and c are events assigned to Japan/Korea which has
small and large Chinese influence, respectively. The footprint [g-C m−3] is defined as
a product of the ratio of particle number in a grid in the set mixed layer height to the
total particle number [no unit], the residence time [day], and the anthropogenic FFB&C
CO2 flux [g-C m−2 day] divided by a set mixing layer height, 1000m. Thus, those grids,25

which have large flux and particle numbers, have large contribution to the observed
signal at HAT. Figure 8a shows a footprint of air masses observed at Hateruma for the
period of 04:00–22:00 LT on 3 March 2008. METEX analysis designates the air mass is
from China and that is confirmed by its footprint. Figure 8b shows a footprint observed
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at Hateruma for the period of 02:00 LT, 6 November–09:00, 7 November 2007. Back
trajectory analysis shows the origin to be Japan/Korea and in this case the strongest
influence comes from megacities in Japan. While back trajectories suggest the origins
of the events to be Japan/Korea, in many cases, however, the footprint covers not only
Japan/Korea but also China. Such an example is shown in Fig. 8c, where a footprint5

for the time period from 01:00 on 14 March to 14:00 on 15 March 2008 is depicted. In
this case, contribution of emissions from China is about 81 % of the pollution event in
the FLEXPART simulation.

In the FLEXPART simulation, pollution events categorized as Japan/Korea in ori-
gin by the back trajectory analysis almost always contains substantial contribution of10

Chinese fluxes and the average -∆O2/∆CO2 value is closer to that of China. One possi-
bility is that particle spread in the simulation seems to be wider than that in reality. One
solution for both problems would be to use higher spatially and temporally resolved
meteorological fields. Another approach is to use more spatially resolved fluxes. In
order to better reproduce the observed events, how the model is set up to absorb flux15

can be improved, especially the treatment of the planetary boundary layer.

5 Conclusion

We examined the correlation between changes in atmospheric O2 and CO2 concentra-
tions for selected pollution events observed at HAT between October 2006 and Decem-
ber 2008. The regression slopes (-∆O2/∆CO2 molar ratios) for these pollution events20

showed large variability with a range of 1.0 to 1.7. Based on the 5-day back trajecto-
ries calculated with METEX, the origins of the pollution events were categorized into
3 regions: China, Japan/Korea and other. We found that there was a significant dif-
ference in the average -∆O2/∆CO2 ratio between China (1.14±0.12) and Japan/Korea
(1.37±0.15) origins. These values are comparable to the -O2:CO2 exchange ratios,25

which are estimated from the national fossil fuel inventories for the corresponding coun-
tries. The results suggest that the atmospheric O2 and CO2 measurements combined
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with back trajectory analysis could be used to constrain the compositions of fuel types
from regional emissions.

Using a particle dispersion model (FLEXPART) and a global coupled Eulerian-
Lagrangian transport model (the coupled model), we simulated the atmospheric CO2
and O2 changes at HAT. In these simulations, O2 and CO2 fluxes from FFB&C, TB, and5

ocean were adopted. The simulated results generally reconstruct the atmospheric O2
and CO2 variations associated with the pollution events. Analysis of the contribution of
individual CO2 fluxes to the atmospheric variations revealed that the most of the peaks
associated with pollution events at HAT are attributed to FFB&C CO2 emissions. The
average -∆O2/∆CO2 ratios of the 14 predicted pollution events from China, which were10

well reproduced by FLEXPART and the coupled model, agreed well with the average
of the observed -∆O2/∆CO2 ratios. The additional sensitivity analysis showed that the
predicted -∆O2/∆CO2 ratio for China was substantially sensitive to the change in the
-O2:CO2 exchange ratio of FFB&C for China and reflected the change by 90%. These
results suggest that the observed -∆O2/∆CO2 ratios at HAT would be able to detect15

changes in the composition of fossil fuel types used in China.
On the other hand, model simulations underestimated the average -∆O2/∆CO2 for

the Japan/Korea pollution events. This is probably due to the larger contribution of
emissions from China to the Japan/Korea pollution events at HAT in the model simula-
tions. At the same time, there is little difference between FLEXPART and the coupled20

model, indicating that the influence of the background O2 and CO2 changes to the
-∆O2/∆CO2 ratios for the pollution events are relatively small.
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Table 1. Summary of the average -∆O2/∆CO2 ratios for the individual air mass origins and
-O2:CO2 ratios for the corresponding countories

-∆O2/∆COa
2 -O2:COb

2

Air mass origin Observation FLEXPART coupled model CDIAC

China 1.14±0.12 (25) 1.08±0.10 (14) 1.07±0.11 (14) 1.11±0.03
Japan/Korea 1.37±0.15 (16) 1.09±0.14 (13) 1.19±0.15 (13) 1.36±0.02
Other 1.20±0.20 (26) 1.15±0.16 (14) 1.18±0.18 (14) 1.45±0.02

a Uncertainties correspond to the standard deviations. Numbers in the parentheses represent numbers of events.
b Uncertainties correspond to propagated errors of the -O2:CO2 exchange ratios for individual fuel type and national
fossil carbon emissions. The -O2:CO2 exchange ratios for coal, liquid fuel, natural gas burning and gas flaring are
1.17±0.03, 1.44±0.03, 1.95±0.04, and 1.98±0.07, respectively (Keeling, 1988). For the uncertainties associated with
the national fossil carbon emissions, ±15 % is used for China (Gregg et al., 2008) and ±6% is used for the other
countries (Marland and Rotty, 1984).
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Fig. 1. Time series of atmospheric (blue) O2/N2 ratio and (red) CO2 mole fraction observed at
HAT for whole period of this study. Each dot represents hourly average. The smooth curve fits
to the data are shown as solid lines.
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Fig. 2. Short-term variations in (a) ∆CO2 (ppm) and (b) ∆O2 (ppm) for the 1-month period
(mid November to mid December, 2007). Each dot represents hourly average. Black squares
are observations, red circles are model simulation by FLEXPART and blue triangles are model
simulation by the coupled model. Pollution events analyzed in this study are enclosed with the
black rectangulars.
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Fig. 3. Five-day back trajectories observed at HAT. The air mass origins are categorized into
three regions: China (Red), Japan/Korea (Blue) and Other (Cyan). All events from China and
Japan/Korea are depicted and four events from Other are drawn as examples.
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Fig. 4. Calculated regression slope (-∆O2/∆CO2 ratio) of each pollution event for (a) ob-
servation and (b) model simulations. Red and blue symbols are for events from China and
Japan/Korea, respectively. In (b), open symbols are based on FLEXPART and closed symbols
are based on the coupled model.
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Fig. 5. -O2:CO2 exchange ratios for the fossil carbon emissions from China and Japan/Korea,
and average -∆O2/∆CO2 ratios for the China and Japan/Korea pollution events based on the
observations and model simulations using FLEXPART and the coupled model. The national
emission inventrories of the fossil carbon from the CDIAC database are used to calculate the
-O2:CO2 exchange ratios. The vertical bar of CDIAC is the same as Table 1. The standard
deviations are shown as vertical bars for observation, FLEXPART Model and Coupled Model.
Dotted black lines show estimated -O2:CO2 exchange ratios for land biotic processes (Sever-
inghaus, 1995), coal, and liquid fuel burning (Keeling, 1998).
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Fig. 6. Scatter plots of the -∆O2/∆CO2 ratios simulated by FLEXPART model simulation vs.
the observation for the events from China and Japan/Korea. Red squares are the events from
China and the blue circles are the events from Japan/Korea.
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Fig. 7. Components of the ∆CO2 variation at HAT calculated by FLEXPART. Black line is the
total amount of CO2 from the following three components, orange line is the amount of CO2
from fossil fuel burning and cement production (FFB&C), green line is from terestrial bioshere
(TB), and blue line is from the ocean.
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Fig. 8. Footprint for HAT calculated by FLEXPART for the cases in which air mass origins are
assigned to (a) China, and (b, c) Japan/Korea by back trajectory analysis. (b) and (c) are the
cases with small and large Chinese influence, respectively. Color scale is logarithmic. The red
lines represent 5-day back trajectories calculated by METEX.
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