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Abstract. Pollution events extracted from the in situ ob- tive ratio is defined as the O,:CO, molar exchange ratios:
servations of atmospheric GGand G mixing ratios at OR=—AO2[mol]/ACO;[mol]. The oxidative ratios are dif-
Hateruma Island (HAT, 24N, 124 E) during the period ferent for the land biotic and burning processes because the
from October 2006 and December 2008 are examined. Theatio is basically dependent on the elemental compositions
air mass origins for the pollution events are categorizedof related organic and inorganic matters. Keeling (1988) es-
by using back trajectory analysis, and the oxidative ratiostimated the oxidative ratios for coal, liquid fuel, and natural
(OR=—02:C0O, molar exchange ratio) for selected pollu- gas burning to be 1.1#0.03, 1.44+0.03 and 1.95-0.04,
tion events are calculated. We find that there is a signifi-respectively. The estimated global average oxidative ratio
cant difference in the average oxidative ratios between eventfor land biotic processes is 1.#00.05 (Severinghaus, 1995).
from China (OR=1.140.12, n = 25) and Japan/Korea On the other hand, an analogous stoichiometric coupling be-
(OR=1.37+0.15, » = 16). These values are in a good tween @ and CQ fluxes for air-sea gas exchange processes
agreement with the national average oxidative ratios for thedoes not exist because oceanic X is significantly sup-
emissions from fossil fuel burning and cement productionpressed by a chemical equilibrium between dissolved,CO
(FFBC) in China (ORpgc=1.11+0.03) and Korea/Japan bicarbonate and carbonate ions.
(QRFFB?= 1.36+0.02). Com.pared with th? Qbservgtion, The @ and CQ fluxes from land biotic and burning pro-
simulations of the atmosphericoGnd CQ mixing ratios  cegses should cause the correlative changes in the atmo-
using Lagrangian particle dispersion models do a good jolypheric mixing ratios of @and CQ downwind of the source
in reconstructing the average oxidative ratio of the pollu- region. Recent improvements ir,@easurement technique
tion events originating in China but tend to underestimate for,aye enabled the detection of high-frequency changes in at-
events originating in Japan/Koiea. A sgnsitiviiy test SUggeSt%ospheric @ mixing ratios simultaneously with that of GO
that th_e S|mulaie_d atmospheric_ OX|d§1t|ve ratios gt HAT aré(Manning et al., 1999; Stephens et al., 2003; Yamagishi et
especially sensitive to changes in Chinese fuel mix. al., 2008). Accordingly, the oxidative ratios calculated as
—AO/ACO; regression slopes for such short-term &nd
CO, variations have recently been used to constrain the con-
1 Introduction tributions from individual sources. For example, Stephens
et al. (2003) conducted continuous in situ measurements
There is a tight negative stoichiometric coupling betweenof O, and CQ on research cruises in the equatorial Pa-
oxygen (@) flux and carbon dioxide (C® flux of land  cific and Southern Oceans and concluded that some short-
biotic respiration and photosynthesis processes and burningerm variations with OR~ 1.4 were caused by the com-
processes of fossil fuels and biomass. In order to expresbustion of liquid fossil fuels. Examining the short-term at-
the quantitative coupling betweermp,@nd CQ, the oxida- mospheric @ and CQ variations over a forest canopy at
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Fig. 1. Compositions of fuel mix used in China, Japan and Korea in 2006 (Boden et al., 2010, Keeling, 1988).

the WLEF tall-tower research site in northern Wisconsin, respective countries taken from the CDIAC inventories for
USA, Stephens et al. (2007) found that the ORs during win-the year 2006 (Boden et al., 2010) and the oxidative ratios for
ter range from 1.41 to 1.53, which is close to the average ORhe 3 main fuel types (Keeling, 1988) and the cement manu-
of 1.45 derived from the US fuel mix estimate in 2000. In facturing (ORement=0). It should be noted that the higher
addition, Sirighano et al. (2010) and van der Laan-Luijkx et percentage of the CQOemissions from coal and cement pro-
al. (2010) investigated the influence of the Dutch fossil fuel duction for China results in a significantly lower oxidative
mix (OR =1.6% 0.06), which has a proportionally high nat- ratio in comparison with Japan and Korea (Fig. 1).
ural gas component, on the atmospheric observation at Lut- In this study, we investigated the oxidative ratios of pollu-
jewad and computed the observable OR of 1.49 with signif-tion events observed at HAT. Source regions of the individual
icant seasonality: lower in summer and higher in winter. Topollution events were identified via back trajectory analysis,
investigate the spatiotemporal variations in the ORs base@nd the observed oxidative ratios were compared with the
on the atmospheric £and CQ observations, Steinbach et oxidative ratios calculated from the reported compositions of
al. (2011) developed a global data set of {gnission and  the fossil fuel types at their trajectory origins. Furthermore,
O7 uptake associated with the fossil fuel burning. in order to examine the relative impact of fossil fuel types
The National Institute for Environmental Studies (NIES) used and the variations in the regional emission to the ob-
has been measuring atmospheric@d CQ by flask sam-  served Q and CQ changes at HAT, we employed an atmo-
pling at Hateruma Island (HAT, 24, 124 E) since July  spheric transport model FLEXPART that uses the Lagrangian
1997 at a frequency of several flasks per month (Tohjima eparticle dispersion scheme (Stohl et al., 1998). Based on the
al., 2003, 2008). To capture more frequent @riations,  comparison between the observation and the model result,
we started in situ @ measurements at HAT from October we examined the possibility that the observed oxidative ratios
2006. Since the prevailing wind direction in the winter time can be used as an independent mean to verify the inventories
is northwest due to the East Asian monsoon, the observationgf CO, emissions based on the national fossil fuel mixes.
at HAT often show pollution events influenced by emissions
from East Asian countries from late fall to early spring each . :
year (Tohjima et al., 2002, 2010). These pollution events ob-2 Observation data and analytical methods
served at HAT have been used to estimate the national emis; :
sions of HFCs and HCFCs from China, Korea, and Japarslz'1 Observation at HAT
(Yokouchi et al., 2006; Shirai et al., 2010). Therefore, this 4AT is a small elliptical (longer in the east-west direction)
setting of HAT gives us confidence in the unique location jsjang with an area of 12.7 Kmand a population of 600,
of the HAT observational site for analyzing the relationship an s located at the southern edge of Japanese archipelago.
between @ and CQ variations in the pollution events orig-  The monitoring station is situated on the eastern edge of
inating from East Asian source regions. In fact, there is sig-the island, and the prevailing wind direction at the station
nificant difference in the national average oxidative ratios foris portherly in winter and southerly in summer. Local emis-
the emissions from fossil fuel burning and cement productionsjons from the island were determined to be not a significant

(FFBC) coming from China (ORsc=1.11+0.03), Japan  jnfluence on the observations at HAT.
(ORergc=1.37+0.02) and Korea (ORtgc = 1.31+ 0.02).

These oxidative ratios are calculated using the fuel mix of the
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Sample air is drawn from an inlet placed on the tower at
the height of 36.5ma.g.l. (46.5mas.l.) at a flow rate of
about 8 mirr! by using a diaphragm pump. Then, the sam- §
ple air is introduced into a 2-1 spherical Pyrex-glass flask at < -
a pressure of 0.06 MPa (relative to ambient), which is kept o™ -
by using a back pressure regulator. The air sample is col-
lected from the center of the spherical flask using a 1/16

inch OD stainless steel tubing at a continuous flow rate of B RN
8 mimin~. This air sampling system considerably reduces il 300 .
the fractionation effects on thex\; ratio (Yamagishi et al., 380 §
2008), which could occur at the air inlet (Blaine et al., 2006) 10 3

and the tee-junction (Stephens et al., 2007). The collected

: T . 2007/1 2008/1 2009/1
air sample is dried by passing through cold traps, and then Date
introduced into the @N2 measurement system that includes

a gas chromatograph equipped with a thermal conductivitysig > Time series of atmospheric (blueyp@nd (red) CQ mixing
detector (GC/TCD). Details of the sampling, analyzing and atios observed at HAT for whole period of this study. Each dot
data processing methods are described elsewhere (Tohjimgspresents hourly average. The smooth curve fits to the data are
2000; Yamagishi et al., 2008). The @@nixing ratios are  shown as solid lines.
continuously measured by a nondispersive infrared analyzer
(NDIR) (Mukai et al., 2001). .

Changes in ® mixing ratios are expressed as a relative frequency of 4.6 cycles yr (see Fig. 2), and then subtract

deviation of the G/N. ratio from an arbitrary reference ac- the smooth-curve fits from the original time series. Here-

cording to after, the extracted short-term variations are denoted by the
A notation asACO, and AO».
8(02/N2) =[(02/N2)sampl¢/ (O2/N2)reference— 11 x 10F. (1) As an example, hourhACO, and AO, measurements

over a one-month period (7 November to 22 December 2007)

Following Keeling and Shertz (1992), we use the units of 3re shown in Fig. 3a and b, respectively. From these short-

‘per meg” to express th&(O2/N,) value. A value of 4.8 per o1 variations, we identified pollution events as follows:
meg is equivalent to 1 umol mot (ppm) in a t_race gas.abun- First, we found largely varyindhCO, events where the dif-
dance. Here, th&(O2/N2) values are determined against our ¢orence hetween the maximum and minimum is larger than
original reference scale (Tohjima et al., 2008). ThgNQ 4.1 ppm (twice the standard deviation of whal€0y) and

ratio was measured every 10min and the standard devigge gyration ranged from 12-h to 3-days. It should be noted
tion of the Q/N; ratio measurement is estimated tob&4 ¢ the start and end times of each pollution event peak

per meg -3 ppm), thus has a standard erroet0B per meg 56 determined manually; however, the following correla-
(~1.2ppm) for an °”e'h°9f average. The LC@lues are tion analyses are not sensitive to the choice of the start
reported on the NIES gravimetric standard scales (NIES-09}n4 end time. Then the correlation coefficier) between
based on the C@in-air standard gases prepared by gravi- Ao, and ACO, variations and the linear regression slope
metric one-step dllu_tl_on method (Machida et al., 2011). The(AOg/ACOZ) are computed for each event. From the linear
CO; analytical precision is about 0.1 ppm. regression slope, we obtain the oxidative ratio for the pollu-

I_n this study, we gnalyze th? hourly,@nd CQ mixing tion event as OR = AOy/ACO,. For the following analysis,
ratios observed during the period from October 2006 to Deo giscarded events with| < 0.8. Adopting this criterion,

cember 2008 (Fig. 2). The observed £@early shows sec- e eliminated about 25 % of the pollution events and in to-

ular increasing trend and seasonal cycle with an increase i1, we analyzed 67 pollution events in the following analysis.

the fall and winter and decrease in the spring and SUMMeNEq ayample, we identified three pollution events during the
while the observed ©shows the opposite trend and Seaso”all-month period as shown in Fig. 3.

cycle. In addition, C@ and & show short-term variations e categorize the origins of the pollution events into 3 re-
on synopﬂc time scales assoqated with poIIut!on evepts, €Sgions: China, Japan/Korea and “other origins” using a kine-
peC|a_IIy in late fall to early spring. Ip the following sections, \-tic 5-day back trajectory calculated by the METeorologi-
we will focus on _the_analy3|s of this short-term component | 4ata Explorer (METEXbttp://db.cger.nies.go.jp/metdx/

of the atmospheric signal. (Zeng et al., 2003). Altitude of the starting point for the cal-
culation is set at 40 ma.g.l., which is close to the altitude of
the sample inlet. Arrival time of each air mass corresponds
In order to extract the short-term variation components oft© the time when the highest Gnixing ratio in each event
CO, and &, we first obtain smooth-curve fits to the data fol- 1S observed.

lowing the methods of Thoning et al. (1989) with a cut-off

2.2 Correlation analysis of pollution events

www.atmos-chem-phys.net/12/2713/2012/ Atmos. Chem. Phys., 12, 221723 2012
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Fig. 4. Five-day back trajectories observed at HAT. The air mass
origins are categorized into three regions: China (Red), Japan/Korea

1110 11/17 11/24 12/1 12/8 12/15 12/22 (Blue) and “other” (Cyan). All events from China and Japan/Korea
Date are depicted and four events from “other” are drawn as examples.

Fig. 3. Short-term variations irfa) ACO, (ppm) and(b) AO,»

(ppm) for the 1-month period (mid November to mid December, using mean winds interpolated from the meteorological fields
2007). Each dot represents hourly average. Black squares are obseind random motions representing turbulences. Three-hourly
vations, red circles are model simulation by FLEXPART and blue meteorology data from Global Forecast System (GFS) pro-
triangles are model simulation by the coupled model. Pollution;iqed by the National Center for Environmental Prediction
events analyzed in this study are enclosed with the black rectan(NCEP) are used as the meteorological fields, which have
gulars. a spatial resolution of°1x 1°. In each simulation, 10000
particles are released from a receptor position (the inlet of
. . . the tower at HAT in this study) and transported eight days
In the back trajectory calculations, the National Centerbackward in time. The time step of the calculation is 900 s

for_ Enwronmgntal Pred|ct|_on (NCEF.)) reane_lly5|s data with and each transported particle absorbs the @@l G fluxes
a time resolution of 6 h, latitude/longitude grid of 2.5 degree ) 1 . . O
ékg m~<day ) of its location once a day when it is located

a_md 7 pressure levels are used (I_(lstler e.t al., .2001)' h under the altitude of 1000 m. Changing the criterion altitude
first country to intersect the back trajectory is assigned as the .

o . ; where the particles absorb the fluxes from 300 m to 2000 m,
origin of the air mass. Among the 67 pollution events, 25 and

we found no significant difference in resultant £@ixing

16 events are assigned to China and Japan/Korea origins, MFatios. At last, CQ and & fluxes each particle absorbed are

spectively. Fig. 4 shows all resulting trajectories assigned to -z ; :
b y- 9 gty g summed and mixing ratios were calculated using the method

China and Japgn/Kore% as the|r.o.r|g|"ns as well as four examdeveloped by Seibert and Frank (2004). The,G@d O

ple events assigned to “other origins”. - . ) . .
mixing ratio 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 East

2.3.1 Lagrangian Particle Dispersion Model Asia.
(LPDM), FLEXPART The CQ flux from FFBC was calculated using the fossil98

flux data that was employed in the TransCom model simula-
In order to investigate the influence of regional fluxes andtion (Law et al., 2008). The fossil98 flux dataset was based
the contributions of individual flux categories such as FFBCon the EDGARV32 C@ emission map with the spatial res-
fluxes, land biotic fluxes, and oceanic exchanges to the polluelution of 1° x 1° for the year 1990 (Olivier and Berdowski,
tion events, a Lagrangian particle dispersion model, FLEX-2001), which was then scaled to the emission level of 1998
PART v3.2 (Stohl et al., 1998), is used in this study. FLEX- using the CDIAC totals. We used the individual national to-
PART calculates the trajectories of multiple tracer particlestal emissions for the years 2006, 2007, and 2008 from the

2.3 Model simulation

Atmos. Chem. Phys., 12, 27132723 2012 www.atmos-chem-phys.net/12/2713/2012/
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Table 1. Summary of the average OR for the individual air mass origins ange@gfor the corresponding countries.

orR? ORPrpc
Air mass origin Observation FLEXPART coupled model CDIAC
China 1.14:0.12 (25) 1.08:0.10 (14) 1.0Z0.11 (14) 1.13%#0.03
Japan/Korea B7+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) (1.22-0.10F

& Uncertainties correspond to the standard deviations. Numbers in the parentheses represent numbers of events.

b Uncertainties correspond to propagated errors of the ORs for individual fuel type and national fossil carbon emissions. The ORs for coal, liquid fuel, natural gas burning and gas
flaring are 1.12-0.03, 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 emid&éhss

used for China (Gregg et al., 2008) a6 % is used for the other countries (Marland and Rotty, 1984).

¢ Average value of ORrg for China, Japan, Korea, Taiwan, and Philippines. The uncertainty corresponds to the standard dewiation (1

CDIAC database to scale the fossil98 £€mission map for  PART gives the eight days plume transport for 10 000 parti-
the top 20 CQ emitting countries. The emissions from rest cles. The CQ mixing ratios simulated by NIES-TM at the

of the world were scaled to match the global totalGfnis-  location of each particle at eight days back is averaged to pre-
sion of the year. Note that the FFBC g@uxes for the year dict the influence of the background g@ixing ratio. The
2008 were estimated by extrapolating the rate of increasesame flux set that was used for FLEXPART was used for the
from 2006 to 2007 for the top 20 countries. The biosphericcoupled model. NIES-TM is driven by JCDAS-25 and is run
CO, uses optimized CASA flux (Nakatsuka and Maksyutov, with a horizontal resolution of .8° x 2.5°, with 15 sigma
2009) and oceanic component is air-seg@0x from Taka-  levels. JCDAS-25 has a time resolution of 12-h and a spatial
hashi et al. (2002). The biospheric and oceanic fluxes ar@esolution of 25° x 2.5°.

available monthly and they are converted into daily fluxes
through linear interpolation.

The @ fluxes from FFBC were prepared by multiply-
ing the CQ flux from FFBC by the oxidative ratios calcu- 31 opserved oxidative ratios
lated from the corresponding fuel compositions. The national
FFBC oxidative ratios of 1.11, 1.37 (1.38 in 2007 and 2008), The oxidative ratios for the observed pollution events cat-
and 1.31 for China, Japan, and Korea, respectively, are useggorized as the China and Japan/Korea origins are shown in
to calculate the @fluxes for the 3 years of 2006, 2007, and Fig. 5a, plotted against time of the year. There is no pollution
2008. For the remaining countries, a single oxidative ratioevent between May and September in the figure because all
of 1.45 based on the average fuel compositions of these rethe events during the period are assigned to “other origins”.
maining countries is used for thex@ux map for the 3years.  The oxidative ratios for all the events from both regions show
Similarly, the @ fluxes from the terrestrial biosphere (TB) large variability with a range from 1.0 to 1.7. The oxida-
are prepared as a product of the optimized CASA flux andtive ratios for events with origins in China, however, tend

3 Results

the land biotic oxidative ratio of 1.1. Forlux from ocean,

to be lower (ranging from 1.0-1.4) than those with origins

we use the monthly mean climatological oceanic fluxes offrom Japan/Korea (1.1-1.7). The average oxidative ratios

Garcia and Keeling (2001).

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

The atmospheric C®and & changes predicted by FLEX-

are 1.14+0.12 for China and 1.3% 0.15 for Japan/Korea,
respectively (uncertainties given here ake dtandard de-
viations). The Welch’s-test reveals that the average ox-
idative ratios between China and Japan/Korea events differ
with more than a 99.9 % confidence level. These averages of
the observed oxidative ratios show excellent agreements with

PART only reflect the regional fluxes within the range of the FFBC oxidative ratios for China (@Rsc=1.11+0.03)
locations of dispersed particles for up to eight days in thisand Japan/Korea (QRRsc=1.34+0.02), which are calcu-
study. In order to include larger scale background influence}ated from 2006 national fossil carbon inventories provided
we also use a global coupled Eulerian-Lagrangian transporfy CDIAC database. These values are summarized in Table 1
model (coupled model) developed by Koyama et al. (2011).and are plotted in Fig. 6.

It is comprised of a global Eulerian transport model, the These results suggest that the observed air masses arriv-
NIES-TM (Maksyutov et al., 2008), and a regional LPDM, ing at Hateruma predominantly reflect the characteristics of
FLEXPART. The NIES-TM component gives the initial mix- COz emission and @consumption from fossil fuel burning

ing ratio of the air mass eight days in the past, and FLEX-at their source regions.

www.atmos-chem-phys.net/12/2713/2012/ Atmos. Chem. Phys., 12, 221723 2012
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Figure 5b shows the oxidative ratios of the 27 pollution
events calculated by FLEXPART and the coupled model. In
general, the oxidative ratios of FLEXPART and the coupled
models agree well with each other although the Japan/Korea
Fig. 5. Calculated oxidative ratios fromAO,/ACO, regression ~ €vents in February and March show slightly different oxida-
slopes of each pollution event fg¢a) observation angb) model tive ratios between the two models.
simulations. Red and blue symbols are for events from China Figure 7 shows a scatter plot of the oxidative ratios simu-
and Japan/Korea, respectively. (o), open symbols are based on |ated by FLEXPART versus the observed ratios. The model-
FLEXPART and closed symbols are based on the coupled model. simulated oxidative ratios do not necessarily reconstruct the
individual observed ratios. When all events in Fig. 7 are
taken as a group, a high correlation is not seen. However,
upon examining the relationships for the China events and
Japan/Korea events separately, we find significant correlation

Figure 3 also shows the time series of the hourlyO, and for the Japan/Korea events with a correlation coefficieht (
A0 data simulated by FLEXPART and the coupled model. of 0.79 and a regression slope of 0.71. On the other hand,

The model results generally well reproduce the observed pol: . A : .
lution events. However, precise comparisons reveal that therQOth the observed and simulated oxidative ratios of China

are often differences in the phase and size between the sinfvents have small varlat|o_ns E.ind are clustered around 11
ulated and observed GGand G short-term variations as- The averages of the oxidative ratios for the model predic-
sociated with the pollution events. Therefore, the simulateat'_OnS together with those of observations are also summa-

pollution events whose phases are off by more than 10 h an&zed in Table 1 and are plotted in Fig. 6. The averages of the

whose sizes are less than 1.4 ppm (twice the standard devigbserved and simulated oxidative ratios for the China events

tion of whole modeled\COy) are discarded in the following agree well with a 95 % confidence level (Welch’s_t-test). On
analysis. Using these criteria, we obtain 27 pollution events_the _other hand, for_ thg_Japan/Korea events the simulated ox-
(14 China events and 13 Japan/Korea events) by the I:LExl_datlve ratios are significantly lower than those of the obser-
PART and the coupled model simulations. Note that all theVation W'th. the same confidence level. Sqme of the.aver-
correlation coefficients for the simulated g@nd G varia- age oxidative ratios fro’T‘ t.h € m_odgl pred!ctlons are sllg.htly
tions of the selected 27 pollution events are larger than 0.8. Sma”_er than the land b'O“C.OX'df”‘tlve rath of 1.1. During
this time of the year, the mid-latitude regions of the west-
ern North Pacific Ocean act as a sink for atmospherig CO

and Q, with the @ fluxes exceeding the COflluxes. As

MAMJ JASOND

Month

3.2 Simulated oxidative ratios

Atmos. Chem. Phys., 12, 27132723 2012 www.atmos-chem-phys.net/12/2713/2012/
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tive ratios. Indeed, we find that removing the oceanioCO

T v T T T T T v T T

1.8} : 1 and @ components in model simulations brings those aver-
= China ] ages closer to 1.10.

16 ® Japan/Korea The simulated oxidative ratios by FLEXPART and the

coupled model for the China events are very close to each
- ; other. Although the average values of the simulated oxida-

141 y=0.706x+0.116 | tive ratios by FLEXPART and the coupled model for the

R=0.794 Japan/Korea events show a small difference, but it is not sig-

.. nificant with the 95 % confidence level from the Welch's t-

4 test. These results suggest that the background influence to

the oxidative ratios for the pollution events is relatively small.

1.2+

1.0}

Modeled Oxidative Ratio

4 Discussion

08b . v * .+ . v . v . - As described in the previous section, there are excellent
08 10 12 14 16 18 agreements between the observed oxidative ratios and the
. . . calculated ORrgc based on the fossil fuel statistics for
Observed Oxidative Ratio China and Japan/Korea. This result suggests that the
synoptic-scale events at HAT are predominantly due to
Fig. 7. Scatter plots of the oxidative ratios simulated by FLEXPART FFBC fluxes, and that the contributions from land biotic and
model simulation vs the observation for the pollution events from oceanic fluxes are relatively small. To examine the contri-
China and Japan/Korea. Red squares are the events from Chingytions of individual flux components in short-term varia-
and the blue gircles are the_ eve.nts from Japan/Korea. The blue ”nﬁons, the ACO, components derived from FFBC, TB and
represents a linear regression fit to the events from Japan/Korea. 4.aan are depicted in Fig. 8, which shows that most of the
peaks come from FFBC emissions. This result can be ex-
plained by the fact that the distribution of the FFBC £0
——TOTAL ACO, emissions is localized in highly populated areas while that of
8 | :;gBiCOACOz - the biospheric emissions is rather homogeneous. In addition,
—— OCEAN ACO, the localized FFBC C®fluxes are generally one order and
—= OCEAN 40, two orders of magnitude larger than the TB £&hd oceanic
fluxes, respectively. (Cis absorbed slightly by the ocean
in the marginal region of East Asia at this time of the year.)
The spatial distributions of the FFBC flux for 2006 and the
TB and oceanic C®fluxes for January are shown in Fig. 9.
Thus, FFBC CQ appears as peaks while TB @3 smeared
ol L VALY R T as background.
N H ¥ § In order to confirm that the emissions from FFBC are the
main contributor to the simulated ORs and not the emis-
2006/11 Daé’%m 20071 sions from TB, two sensitivity tests were performed. First,
a FLEXPART model simulation was performed in which the
land biotic oxidative ratio was changed from 1.1 to 1.0, and
FLEXPART. Black line is the total amount of GGrom the follow- the ORs for Fhe pollution event; were then recalculated. Sec-
ing three components, red line is the amount o@@m fossil fuel ~ ©nd, the national ORsc for China was changed from 1.11
burning and cement production (FFBC), green line is from terres-t0 1.00, and then the ORs for the pollution events were recal-
trial bioshere (TB), and blue line is from the ocean. Oceax@, culated after the FLEXPART model simulation. The results
component is also plotted as broken blue line. of the sensitivity tests are summarized in Table 2. The former
experiment decreased the average OR for the China events
from 1.08 to 1.05, while the average OR for the Japan/Korea
a result, the time series of the simulated oceanicc@Mm- events stayed at 1.09. The latter experiment decreased the
ponent, shown in Fig. 8, sometimes show positive peak-likeaverage OR for China and Japan/Korea from 1.08 to 0.98
changes when the air masses are transported from the contind 1.09 to 1.06, respectively. These results confirm that the
nental side. Such £peaks could reduce the apparent magni-average OR for the China events is much more sensitive to
tude of the @ depletion associated with the continental pol- the Chinese national GirRgc than to the land biotic oxida-
lution events, resulting in the lower-than-biospheric oxida- tive ratio. On the other hand, the average predicted OR for

ACO, or AO, (ppm)

Fig. 8. Components of the\CO, variation at HAT calculated by
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Table 2. Summary of the sensitivity tests for the FFBC and land biotic oxidative ratio in China.

FLEXPART
Air mass origin Original Results ORpc=1.0 OI%B =10
China 1.08:0.10 (14) 0.98:0.09 (14) 1.05:0.09 (14)
Japan/Korea D09+0.14 (13) 1.06:0.17 (13) 1.09:0.14 (13)
Other 1.15-0.16 (14) 1.18 0.18(14) 1.13t0.16(14)

* ORrp refers to an oxidative ratio for land biotic processes.

Japan/Korea events is also affected by the nationglf@R  prove the agreement between the simulated and the observed
of China while it is insensitive to the value of the land bi- individual events in this study.

otic exchange ratio. It is consistent with the rather low value

of the predicted OR for Japan/Korea. It suggests that the _

contribution of emissions from China to the pollution events® Conclusions

assigned as Japan/Korea is overestimated in the model sim
lations and about 50 % of FFBC G@ontribution on average
comes from China.

We examined the correlation between changes in atmo-
spheric @ and CQ mixing ratios for selected pollution
events observed at HAT between October 2006 and Decem-
Figure 10 shows the footprints as determined by theber 2008. The oxidative ratios calculated from the regression
FLEXPART simulation for representative pollution events slopes AO,/ACO, molar ratios) for these pollution events
observed at HAT. Figure 10a, b, and c correspond to theshowed large variability with a range of 1.0 to 1.7. Based
periods of 04:00-22:00 (LT) on 3 March 2008, 02:00 on on the 5-day back trajectories calculated with METEX, the
6 November—09:00 on 7 November 2007, and 01:00 on 14rigins of the pollution events were categorized into 3 re-
March-14:00 on 15 March, 2008, respectively. The foot-gions: China, Japan/Korea and “other origins”. We found
print [g-Cm3] is defined as a product of the ratio of par- that there was a significant difference in the average oxida-
ticle number in a grid cell in a pre-determined mixed layer tive ratio between China (OR = 1.#40.12) and Japan/Korea
height to the total particle number [no units], the residence(OR =1.37+0.15) origins. These values are comparable to
time [day], and the anthropogenic FFBC £fux [g-Cm™2  the oxidative ratios, which are estimated from the national
day] divided by the pre-determined mixing layer height of fossil fuel inventories for the corresponding countries. The
1000 m. Thus, those grid cells, which have large flux and partesults suggest that the atmospheric @d@d CGQ measure-
ticle numbers, have large contribution to the observed signaments combined with back trajectory analysis could be used
at HAT. In Fig. 10, the distributions of the dispersed parti- to constrain the compositions of fuel types from regional
cles are also shown as thin-black contours. In addition, theemissions.
red curves in the figure show the backward trajectories for |n order to examine how the regional FFBC emissions af-
the individual pollution events. Based on the trajectory anal-fect the oxidative ratios of the atmospheric pollution events
ysis, the pollution event shown in Fig. 10a is shown to orig- observed at HAT, we simulated the observed atmospheric
inate in China, and is consistent with its footprint. Although CO, and & changes using the atmospheric transport model
the both pollution events shown in Figures 10b and 10c areFLEXPART and the coupled model driven by @nd CQ
assigned origins in Japan/Korea, the distribution patterns ofluxes from FFBC, TB, and the ocean. Analysis of the rela-
the footprints are significantly different. The former foot- tive contributions of individual C@fluxes to the atmospheric
print (Fig. 10b) covers mainly Japan and Korea while the lat-variations revealed that most of the peaks associated with
ter footprint (Fig. 10c) shows that the emissions from Chinathe pollution events at HAT were indeed attributable to the
contribute about 80 % of the pollution event. FFBC CQ emissions. With the assigned fluxes, the trans-
In the FLEXPART simulation, pollution events catego- POrt models were able to reconstruct, with a good agreement
rized by the back trajectory analysis as Japan/Korea in oriWith the observation, the average oxidative ratio of the pollu-
gin almost always contain substantial contribution of Chineselion events assigned to China. Additional sensitivity analysis
fluxes, therefore their simulated avera§®,/ACO, value  Showed that the oxidative ratio of the pollution events origi-
is closer to that of China. One possibility is that particle nating in China reflects about 90 % of the change in-43
spread in the simulation seems to be wider than that in realfor China. These results suggest that the observed OR at HAT
ity. One solution for the problem would be to use higher spa-could be used to detect changes in the composition of fossil
tially and temporally resolved meteorological fields. More fuél types used in China in the future.
spatially and temporally resolved fluxes might help to im-
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Fig. 9. The spatial distributions dfa) FFBC flux for 2006,b) TB ) )
flux for January, angc) oceanic C@ flux for January. These fluxes ~Fig- 10. Footprint for HAT calculated by FLEXPART for the cases
are used in the model simulation of this study. in which air mass origins are assigned (@ China, and(b,c)
Japan/Korea by back trajectory analysfb) and(c) are the cases
with small and large Chinese influence, respectively. Color scale
is logarithmic. The distributions of the dispersed particles are also
On the other hand, the model simulations underestimateghown as thin-black contours, which represent the fraction of the
the average OR for the Japan/Korea pollution events in com~aumber of particles that occur in each grid cell below the mixing
parison with the ORrgc for the Japan/Korea region. This is layer height of 1000 m for the duration of backward simulation of 8
because the emissions from China make substantial contribffays: The red lines represent 5-day back trajectories calculated by
tions to the Japan/Korea pollution events in the model. ThisMETEX.
transport problem could be solved by using higher spatially
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and temporally resolved meteorological fields in the model Kawa, S. R, Kleist, J., Krol, M. C., Lin, S. J., Lokupitiya, R.,

simulation than those used in this study, which has 1P Maki, T., Maksyutov, S., Niwa, Y., Onishi, R., Parazoo, N., Pa-
grid resolution. Using higher spatially resolved FFBC flux tra, P. K., Pieterse, G., Rivier, L., Satoh, M., Serrar, S., Taguchi,
maps might also improve the agreement between the ob- S., Takigawa, M., Vautard, R., Vermeulen, A. T., and Zhu, Z.:

served and simulated oxidative ratios for the Japan/Korea _Transclom model sin:ju(ljgtionsi of hlourly altm?Sp;ggE?%?‘Eelré_
pOllution events. Imental overview an lurnal cycle resu ts for s ODal blo-

geochem. Cy., 22, GB30080i:10.1029/2007gb003052008.
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