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ABSTRACT
We present analysis of the temporal variation of atmospheric CO; in the subtropical region of East Asia, obtained
aboard a ferry between Ishigaki Island and Hateruma Island, Japan for the period June 1993—April 2005. The annual
mean CO; concentration increases from 360.1 ppmv in 1994 to 378.4 ppmyv in 2004, showing an average growth rate of
1.8 ppmv yr~!. The growth rate shows interannual variations with high values during ENSO events. The average seasonal
CO; cycle reaches the maximum in early April and the minimum in mid-September, with a peak-to-peak amplitude of
8.5 ppmv. Numerical simulations using a three-dimensional atmospheric transport model show interannual variations
of the CO;, growth rate similar to the observation, but the amplitude of the seasonal cycle is larger, with maximum
concentration appearing earlier than the observation by 1 month. Low CO, values observed during the spring of 1998
are likely associated with the 1997/1998 ENSO event. A backward trajectory analysis suggests that they were due
to changes in atmospheric transport whereby maritime air masses from the Pacific Ocean dominated over polluted
air masses from the Asian Continent. Extreme values (either high or low) of CO, are also occasionally observed. A
comparison of backward trajectories of air parcels with CO;, concentration fields calculated using the atmospheric
transport model shows that these unusual CO, concentrations result from the transport of air affected not only by

anthropogenic CO, emissions but also by terrestrial biospheric activities mainly in China.

1. Introduction

Measurements of atmospheric CO, show a long-term increas-
ing trend, mainly due to fossil fuel combustion (Keeling et al.,
1989; Keeling and Whorf, 2005). Interannual variations super-
imposed on the long-term trend have also been observed, asso-
ciated mainly with the El Nifio-Southern Oscillation (ENSO)
events (Bacastow etal.,, 1980; Keeling and Revelle, 1985;
Conway etal.,, 1994) and volcanic eruptions (Keeling et al.,
1995; Patra et al., 2005a) that cause changes in the terrestrial bio-
spheric and oceanic CO, fluxes (Nakazawa et al., 1993; Francey
etal., 1995; Keeling et al., 1995, 1996; Rayner et al., 1999). CO,
emissions from forest fires in the tropical and boreal regions have
also been found to contribute to the interannual variability in the
CO, growth rate (Langenfelds et al., 2002; Shultz, 2002; Pa-
tra et al., 2005a). It is also interesting to note that Dargaville
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et al. (2000), Higuchi et al. (2002), Taguchi etal. (2003) and
Murayama et al. (2004) have shown that a significant portion of
the year-to-year variation in atmospheric CO, in northern mid-
to high-latitude regions can be influenced by the variation in
atmospheric transport.

It has also been found that the seasonally varying CO, ex-
change between the atmosphere and the terrestrial biosphere is
the main driver of the observed atmospheric seasonal CO, cycle,
and its variation can have a significant influence on the seasonal
atmospheric CO, concentration variability (Fung et al., 1983;
Keeling et al., 1989; Nakazawa et al., 1997a). The seasonality
of the CO, exchange between the atmosphere and the oceans,
as well as that of fossil fuel combustion, is also partly responsi-
ble for the seasonal CO, cycle and its variation (Heimann et al.,
1989).

The data from precise measurements of the atmospheric CO,
concentration over a wide geographical area have been used
to constrain the global carbon budget (Tans et al., 1989, 1990;
Fan et al., 1998; Bousquet et al., 2000; Gurney et al., 2002; Pa-
tra et al., 2005b,c). However, the present measurement stations
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of atmospheric CO, are unevenly distributed on the globe, and
only a limited number of stations exist on the continents and in
the equatorial region. East Asia is a region of rapid economic
development, with a consequential increase in the greenhouse
gas emissions over the coming decades (Van Aardenne et al.,
1999). In order to monitor the changes in the CO, emission in
East Asia, we initiated a regular flask air sampling program on-
board a ferry in the southernmost part of Japan in June 1993.
We expect the data to provide an indication of changes in the
natural and anthropogenic emissions of CO, over the Asian
Continent.

In this paper, we show temporal variations of atmospheric CO,
in the subtropical region of East Asia for the period June 1993—
April 2005 and, with the aid of backward trajectory analysis and
a three-dimensional atmospheric transport model, interpret them
in terms of atmospheric transport and CO, flux regions.

2. Air sampling and CO; concentration analysis

Air sampling was begun in June 1993 aboard a ferry named
‘Hateruma’ plying between Ishigaki Island and Hateruma Island
located at the southern end of the Japanese Archipelago and east
of Taiwan, as shown in Fig. 1, and the sampling still continues.
In this area, northerly winds prevail from October to March,
while southerly winds dominate during rest of the year. The
ferry ‘Hateruma’ usually departs from the port of Ishigaki around
10 a.m. and arrives at the port of Hateruma around noon, and
two flask samples are obtained over this 2-hr period. An air
intake is set on the windward wing of the bridge located at the
stem, and the bridge doors are closed to prevent contamination
from the ship itself. An air sample is taken from the intake and
pressurized into a 350-ml stainless-steel flask to about 0.35 MPa
by using an electric diaphragm pump after passing a sufficient
amount of air through it. Water vapour is removed by forcing
the air through magnesium perchlorate (Mg(ClO,),). Two flask
samples are collected every two weeks during one of the ferry
trips from Ishigaki to Hateruma. The flask samples are returned
to our laboratory for CO, concentration analysis. All flasks are
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evacuated in the laboratory at 1 x 1073 Pa for 1 hour at 120 °C
before they are shipped out for air sample collection.

Our procedures for the CO, concentration analysis have
been described in detail elsewhere (Tanaka et al., 1983, 1987,
Nakazawa et al., 1993). Therefore, only a brief description of
the procedures is given here. The CO, concentrations of the air
samples are determined against our CO, standard gases using a
non-dispersive infrared analyser with a precision of £0.01 ppmv
within two weeks of the sampling. Our standard gases consist
of primary, secondary and working, and all gases are CO,-in-air
mixtures. For the period of our study, three working standards
were used, and their CO, concentrations ranged over 30 ppmv, so
that the CO, concentrations of the air samples stayed between the
high and low values of the working standards. The CO, concen-
trations of the working standard gases were determined using the
secondary standards before and after their use, and it was con-
firmed that the concentration drifts were within 0.05 ppmv.
The secondary standard gases were calibrated against our pri-
mary standards prepared gravimetrically with uncertainties of
+0.1 ppmv using a precise balance and three-stage dilution.

3. Data analysis

The CO, concentration values of the two samples collected on
the same day were simply averaged to obtain a daily value. A
fitted curve composed of a long-term trend and an average sea-
sonal cycle was derived by applying a digital filtering technique
(Nakazawa et al., 1997b) to the data record, and a standard devi-
ation of the data from the fitted curve was calculated. Any data
lying outside £3 SD were regarded as outliers and excluded from
the record. This procedure was repeated until no outliers were
identified. These outlier values were likely a result of contami-
nation by ship and other activities that were not of background
nature. A total of 45 data points were rejected as outliers by this
method, corresponding to 9% of all the measurements. After
the outliers were removed, the curve fitting method was applied
to the remaining CO, values to obtain the long-term trend, the
average seasonal cycle and its interannual variability.
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Our data were also compared to the continuous CO, measure-
ments taken by the National Institute for Environmental Studies
(NIES) on Hateruma Island (HTR: 123°48’E, 24°03'N) from
1993 to 2001, as well as to those obtained by the Japan Meteo-
rological Agency (JMA) on Yonaguni Island (YGN: 123°01'E,
24°28'N)) from 1997 to 2005 (http://gaw.kishou.go.jp/). Daily
mean CO, values from these sites were used in the compar-
ison. However, we also compared the 11:00 a.m. and noon
hourly values on those days that corresponded to the days when
our samples were taken. In addition to the two sites men-
tioned above, we made references to the weekly flask data
obtained by the National Oceanic and Atmospheric Adminis-
tration/Earth System Research Laboratory/Global Monitoring
Division (NOAA/ESRL/GMD) on Guam Island (GAM:
144°47'E, 13°26'N) from June 1993 to 2004 (http://gaw.kishou.
go.jp/, ftp://ftp.cmdl.noaa.gov/).

Insight into the variability of a CO, time series requires an
understanding of how it is influenced by various CO, sources.
For this purpose, we employed a global three-dimensional at-
mospheric transport model with fossil fuel CO, emissions and
terrestrial biospheric and oceanic CO, fluxes. The atmospheric
transport model used is essentially the same as the one used
in Fujita et al. (2003), except that the spatial resolution was in-
creased from 2.5° x 2.5° to 1° x 1° in order to obtain a better
identification of atmospheric CO, concentration variations pro-
duced by spatially localized CO, fluxes. Also, instead of the
1997 ECMWF meteorological data used to drive the model in
the Fujita et al. study, we used the 6-hourly NCEP/NCAR re-
analysis data for 1993-2004. The fossil fuel CO, emissions
were taken from the CDIAC database (Marland et al., 2003),
the oceanic CO, fluxes were based on Takahashi et al. (2002),
and the terrestrial biospheric CO, fluxes were calculated using
the Biome BioGeochemical Cycle model (Biome-BGC) version
4.1.2. (Thornton et al., 2002) driven offline by the NCEP/NCAR
reanalysis data.

4. Results and discussion

The CO, concentrations measured on the ferry from June 1993
to April 2005 are plotted in Fig. 2, together with the best-fitting
curve to the data and the long-term trend (Our data will be
available from the World Data Centre for Greenhouse Gases:
http://gaw.kishou.go.jp/). For comparison, curves fitted to the
daily mean CO, data from HTR and YGN, as well as to the
flask data from GAM, are also displayed. It is evident that the
CO; concentration increases secularly at all sites, accompanied
by the seasonal cycle and interannual variations. It is evident
that, overall, the CO, concentration from GAM is lower than
those from the ferry, HTR and YGN. Our results also show that
the CO, concentration from the ferry is lower and higher in the
spring and summer of 1998, respectively, compared with values
in the corresponding seasons of other years. This feature is not
visibly apparent in the CO, variations at GAM, and the spring-
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Fig. 2. CO, concentrations measured on the ferry (solid circle), the

best-fitting curve to the data (solid line) and the long-term trend

(dashed line). Curves fitted to the CO; concentrations measured on

Hateruma Island (HTR), Yonaguni Island (YGN) and Guam Island

(GAM) are also shown in the upper part of the figure.

time low concentrations are clearly seenin the records from HTR
and YGN but not the summertime high. The summertime high
values similar to those observed on the ferry are found only
in the time series of selected hourly mean CO, concentrations
at HTR and YGN (not shown). The latter result indicates that
the high CO, concentrations observed on the ferry in the sum-
mer of 1998 could be attributable to our temporally sparse air
sampling. Observational results and their discussion are given
below in more detail, especially in terms of the annual mean
value, the long-term trend and the seasonal cycle of the CO,
concentration.

4.1. Annual mean value and long-term trend
of CO; concentration

The annual mean CO, concentrations and the average growth
rates derived from the best-fitting curves of all the above-
mentioned data records are summarized in Table 1. Our annual
mean CO; concentrations are in close agreement with the values
from the two data records for HTR, as well as from the selected
hourly mean CO, concentration data for YGN. At YGN, the
annual mean CO, values calculated from the daily mean con-
centration data are higher by about 1 ppmv than those from the
selected hourly mean data, except for 2000 and 2001 when the
values for the two datasets are almost the same, probably due
to the influence of the diurnal cycle. It is also apparent that the
annual means are lower by about 1.4 ppmv at GAM compared to
the other three locations, reflecting different air mass influence
over different regions; for example, air masses in the southern-
most part of Japan are transported from the Eurasian Continent
with anthropogenic and natural CO; in the winter and from the
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Table 1. Annual mean CO; concentrations (ppmv) and mean CO,
growth rates (ppmv yr~!) calculated from the best-fitting curves of the
data taken on the ferry (This study), Hateruma Island (HTR), Yonaguni
Island (YGN) and Guam Island (GAM)

Years This study HTR HTR* YGN YGN® GAM
1994 360.1 360.7 360.5 - - 358.3
1995 362.6 362.4 3623 - - 360.3
1996 362.8 3643 3640 - - 362.4
1997 364.5 365.1 364.6 3658 3645 363.5
1998 367.6 368.1 368.0 368.8 367.9 366.5
1999 369.4 3703 3703 370.8 369.8 367.8
2000 370.7 371.2 371.0 371.8 371.8 369.2
2001 373.5 373.0 3728 3733 3735 370.9
2002 374.5 3752 3749 3756 3745 373.1
2003 376.2 - - 3784 3775 3759
2004 378.4 - - 380.1 3783 3774
Mean growth rate 1.8 1.8 1.8 2.0 1.9 1.9

2The results obtained from selected hourly mean CO; concentration
data.

Pacific Ocean in the summer, while easterly winds with low CO,
concentrations usually prevail over Guam Island throughout the
year.

As seen from Table 1, our results show that the CO, concentra-
tion increases from 360.1 ppmv in 1994 to 378.4 ppmv in 2004.
The average growth rate of the CO, concentration is calculated
to be 1.8 ppmv yr~!, which is very close to that at GAM for the
same period. More detailed inspection of the table indicates that
the CO, growth rate varies interannually at all locations.

The growth rate of the CO, concentration measured in
this study is shown in Fig. 3, together with those at HTR,
YGN and GAM. Also shown are the growth rate calcu-
lated by using the three-dimensional atmospheric transport
model for our sampling location, and a 5-month running
mean of the monthly Southern Oscillation Index (SOI) val-
ues (http://www.cpc.ncep.noaa.gov/data/indics/soi). The CO,
growth rate observed on the ferry reaches high values in 1994,
1997/1998, 2002/2003 and 2004/2005 in association with ENSO
events. High growth rates are also found in 2000/2001 when no
ENSO event occurred. This temporal behaviour of the growth
rate is similar to those at HTR, YGN and GAM, except that
there is a difference of about 1 yr between the occurrence of a
maximum in 1994 on the ferry and that in 1995 at the other sites.
The difference in the timing of the growth rate maximum may
be due to our low frequency air sampling.

The CO, concentrations calculated using the atmospheric
transport model show an average growth rate of about
2.2 ppmv yr~! for the study period, which is larger than our
observed value by 0.4 ppmv yr~!. The difference between the
calculated and the observed average growth rates is quantita-
tively attributable to insufficient uptake of atmospheric CO, by
the oceans and/or by the terrestrial biosphere in the model. The

Tellus 59 (2007), 4

RN il
AN\ /s
3
"; 5.0t 6
g aof R ﬁ
S - / \ A N\ S
f: 1ol N ‘\’//‘4 \_/
& 10k — HTR — YGN --- GAM |
Gl ~
= A N A {e0
AN

— This study — - Model
— Exper-1  --- Exper-2 | -1.0
i i i i

i
1992 1994 1996 1998 2000 2002 2004 2006

Year
Fig. 3. Growth rates of the CO, concentration observed on the ferry
(This study), Hateruma Island (HTR), Yonaguni Island (YGN) and
Guam Island (GAM), and 5-month running mean of the monthly
Southern Oscillation Index values (SOI). The CO, growth rate
simulated by the three-dimensional atmospheric transport model is also
shown (Model), together with the results of two model experiments;
1997 wind field, interannually varying seasonal biospheric flux
(Exper-1) and interannually varying wind field, annually invariant
seasonal biospheric flux (Exper-2).

model calculation also shows that the CO, growth rate varies
interannually, with high values in 1997/1998, 2000/2001 and
2002/2003 and low values in 1999 and 2001/2002. Slightly high
and low growth rates are also found in 1994/1995 and 1996/1997,
respectively. This temporal behaviour is in a general agreement
with the observational results.

In our model calculation, the same monthly oceanic CO, flux
data set was repeatedly used, while the terrestrial biospheric
CO, flux and the wind field varied from year-to-year. Interan-
nual variation in the fossil fuel CO, emission is known to be
small (Marland et al., 2003). Within the context of the model
design, the interannual variation superimposed on the long-term
CO; increase trend can be attributed to the interannual varia-
tions in atmospheric transport and terrestrial biospheric CO, flux,
mainly in association with ENSO events (Nakazawa et al., 1993;
Keeling et al., 1995, 1996a,b; Dargaville et al., 2000; Higuchi
et al., 2002; Taguchi et al., 2003; Murayama et al., 2004). In or-
der to examine the relative contributions of these effects, we per-
formed two numerical experiments with the model, for which the
terrestrial biospheric CO; flux and the wind field were assumed to
be interannually variable and invariable, respectively (Exper-1),
and vice versa (Exper-2); the Biome-BGC CO, flux data aver-
aged over the 1990s were used for the interannually invariable
terrestrial biospheric fluxes, and the 1997 wind data were em-
ployed to give the interannually invariable transport field. The
results are displayed in Fig. 3. The results of Exper-1 (1997 wind
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field, interannually varying seasonal biospheric flux) show inter-
annual variation of the CO, growth rate larger than that obtained
in Exper-2 (interannually varying wind field, annually invari-
ant seasonal biospheric flux) before 2001, while the situation
is reversed after 2001. The CO, growth rates from Exper-1 and
Exper-2 are generally in phase after around 1997, giving an addi-
tive effect closer to the observed growth rate variation. However,
prior to 1997, the model growth rates are out of phase resulting
in a relatively constant growth rate, unlike the observed growth
rates on the ferry and at HTR and GAM shown in Fig. 3.

The differences, both in magnitude and phase, between the
observed and simulated growth rates can be caused by many
factors. One possible cause for the differences can be due to the
fact that, in the model experiments, we did not provide interannu-
ally varying oceanic CO, flux. For example, Feely et al. (1999)
from their pCO, measurements, and Bousquet et al. (2000) and
Patra et al. (2005¢) from their inverse model analyses, found that
there is a significant interannual variation in the oceanic CO,
flux. Wong etal. (1993) and Rayner et al. (1999) pointed out
that the oceanic CO, flux in the tropical Pacific is significantly
influenced by ENSO events; this could have a large impact on
the CO, concentration in our observational area since it is influ-
enced by air masses from the tropical Pacific from late spring to
early autumn.

4.2. Seasonal CO; cycle

The average seasonal cycle of the CO, concentration observed
on the ferry is shown in Fig. 4, together with those at HTR,
YGN and GAM. The results presented for HTR and YGN were
derived using daily mean CO, data. More information on the
seasonal CO; cycle is summarized in Table 2. The seasonal am-
plitude is found to be 8.5 ppmv on the ferry, which is in agreement
with 7.8 and 7.6 ppmv derived, respectively, from the daily mean
CO; data at HTR and YGN. The slight differences in the am-
plitude between the two sites and the ferry are likely due to the
low frequency sampling of the ferry data. Indeed, as shown in
Table 2, the seasonal amplitudes calculated from the selected
hourly data at HTR and YGN are larger than those obtained
from the daily mean values. As a further analysis, we calculated
monthly standard deviations of the detrended data for HTR, and
found that the standard deviations for spring (March—-May) and
autumn (October and November) are clearly larger than those
for the remaining seasons, probably due to seasonal alternation
of prevailing air masses. This supports our conjecture and that
the infrequent air sampling in the two seasons is responsible for
the above-mentioned larger seasonal amplitude obtained on the
ferry.

The average seasonal CO, cycle observed on the ferry reaches
the maximum in early April and the minimum in mid-September.
The drawdown and buildup zero-crossing dates of the sea-
sonal cycle occur in late June and early December, respectively,
with a time span of 164 d. These seasonal features are simi-
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Fig. 4. Average seasonal cycles of the CO, concentration observed on
the ferry (This study), Hateruma Island (HTR), Yonaguni Island
(YGN) and Guam Island (GAM). The seasonal CO; cycle calculated
by the three-dimensional atmospheric transport model for our sampling
location is also shown (Model). Detrended monthly mean CO;
concentrations and their standard deviations obtained on the ferry are
represented by crosses and vertical bars, respectively.

lar to those at HTR and YGN, except for the selected hourly
data at YGN which show the seasonal cycle with an earlier
phase.

Compared with our results from the ferry, the seasonal CO,
cycle at GAM is clearly different; the amplitude is 6.3 ppmv
which is smaller by about 2 ppmv, and the phase is delayed by
approximately 1 month. The difference between the seasonal
cycles at the two locations is mainly attributable to the fact that
air masses arriving at the respective locations are different. As
mentioned above, our sampling location is usually influenced by
continental air masses except for summer when air masses come
from low latitudes in the Pacific, while air masses traversing over
the equatorial Pacific always prevail at GAM.

The average seasonal CO, cycle calculated using the atmo-
spheric transport model for our sampling location is also shown
in Fig. 4 (also see Table 2). The calculated seasonal cycle shows
the maximum and minimum concentrations in mid-March and
mid-September, respectively, with a peak-to-peak amplitude of
10.7 ppmv. Its drawdown and buildup zero-crossings occur in
early June and early December, respectively, with a time span
of 184 d. Compared with the observed seasonal cycle, the cal-
culated seasonal amplitude is larger by about 2 ppmv, and the
maximum concentration appears earlier by about half a month,
while the minimum concentration occurs around the same time.
The time interval between the zero-crossings is longer than ob-
served by 20 d. The overall difference between the observed and
the calculated average seasonal CO, cycles is due mainly to the
seasonality of the terrestrial biospheric CO, flux given by the
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Table 2. Information on the seasonal CO; cycles observed on the ferry (This study), Hateruma Island (HTR), Yonaguni Island (YGN) and Guam
Island (GAM) and calculated by the three-dimensional atmospheric transport model for our sampling location (Model)

This study HTR HTR? YGN YGN? GAM Model

Amplitude (ppmv) 8.5 7.8 8.5 7.6 8.5 6.3 10.7
Maximum concentration 4 April 1 April 7 April 6 April 20 March 6 May 14 March
Minimum concentration 15 September 12 September 12 September 11 September 8 September 13 October 19 September
Zero-crossing (drawdown) 28 June 26 June 29 June 23 June 9 June 22 July 5 June
Zero-crossing (buildup) 9 December 2 December 5 December 1 December 19 November 4 January 6 December
Time interval between zero-crossings (d) 164 159 159 161 163 165 184
4The results obtained from selected hourly mean CO; concentration data.
Biome-BGC model, and the interannually variable wind field 45N
has a minor effect on the average seasonal CO, cycle.

40N -
4.3. Low CO; concentrations in spring of 1998 35N 300
As mentioned earlier in the paper, the CO, concentration mea- 100
sured on the ferry shows relatively lower spring values in 1998 30N 60
compared to other years. As can be seen in Fig. 2, the springtime 25N
low CO, concentrations are also observed at HTR and YGN. To 30
elucidate the cause of this anomalous CO, concentration event, 20N ;
we performed a series of 5-d back trajectory calculations us-
ing a three-dimensional isentropic backward trajectory model 15N
(Maksyutov and Inoue, 2000) for the spring of 1997, 1998, 1999 ) Vm@

and 2000. In this analysis, the model was driven by the 12-hr
NCEP reanalysis data with a horizontal resolution of 2.5° x
2.5°. Air parcels were released from approximately 500 m height
at noon (LT) each day from March to May, and the number of
air parcels passing through each horizontal grid (1° x 1°) were
counted. By examining the horizontal distribution of air parcels
counted, we find the air arriving at the ferry came mainly from
southeast during the spring of 1998 (Fig. 5), unlike other years
(1997, 1999 and 2000) when westerly and northwesterly trans-
port from the Asian continent was dominant (not shown). This
suggests the importance of transport in accounting for some part
of the interannual variation in the CO, concentration observed
at monitoring stations (Taguchi et al., 2003).

Zhang et al. (1997) showed that the frequency of cold surges
across China is minimal during and right after ENSO events.
Liu et al. (2003) also found that the number of cold surges across
China was reduced in March 1998. Their findings suggest that the
air transport from the Asian Continent was weaker in the spring
of 1998 in association with the 1997/1998 ENSO event, allowing
maritime air masses with relatively low CO, concentrations to
prevail over the region sampled by the ferry.

4.4. Interpretation of very high and low
CO; concentration events

A visual inspection of the CO, concentration record obtained
on the ferry indicates relatively high and low values. It is of
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Fig. 5. Number of air parcels passing through each horizontal grid
(1° x 1°), obtained from 5-d backward trajectory calculations for the
air parcels released from 500 m over our sampling location at noon
each day from March to May 1998.

interest therefore to find causes of such extreme values. The fol-
lowing data are selected for investigation since they are found to
lie outside the 20 fitted curve obtained by the digital filtering
technique mentioned earlier in the paper: six data (December 7,
1993, February 24, 1999, December 2, 2000, January 23, 2001,
January 17,2002 and March 16, 2002) and 3 data (September 4,
1993, September 3, 1996 and September 16, 2000) are accord-
ingly defined as exceptionally high and low CO, concentration
events, respectively. This selection result indicates that high CO,
concentration events occur mainly in the winter season, while
low CO, concentration events are found in September.

Figure 6 shows 5-d backward trajectories for the events se-
lected above. Figure 7 depicts the surface CO, concentration
distributions in Asia calculated by the three-dimensional at-
mospheric transport model for December 7, 1993, January 23,
2001, March 16, 2002 and September 16, 2000, as well as those
averaged over 5 d prior to the above dates. It is evident from
Figs. 6 and 7 that the high-CO, event of December 7, 1993 ob-
served on the ferry is caused by a transport of air with high
CO, concentrations from mid-eastern China, a fossil fuel CO,
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Fig. 6. Five-day backward trajectories of air parcels released from our
sampling location at noon of the respective dates.

emission region. A transport of CO,-rich air mass from Europe
through Siberia could have also contributed to the December 7
event.

As for January 23, 2001, the trajectory analysis suggests that
air mass originating in the Yellow Sea reaches our sampling lo-
cation after passing over the East China Sea. As seen in Fig. 7,
the CO, concentration is considerably high in those areas due
to transport of fossil fuel and terrestrial biospheric CO, from
mid-eastern China. A similar situation is found for the case of
February 24, 1999, but in this case the influence of terrestrial
biospheric CO, is found to be more pronounced than in January,
based on the model calculation results. On the other hand, air
masses arrived at our sampling location on January 17, 2002 and
March 16, 2002 are transported mostly over the Pacific Ocean
for 5 d, so that the opportunity of being influenced by a high CO,
source seems to be limited. However, a detailed inspection of the
trajectories indicates that the air masses arriving at our sampling
location passed through the vicinity of Taiwan where the CO,
concentration is considerably high, as seen in Fig. 7. Therefore,

these two cases reflect influences of outflow of terrestrial bio-
spheric and fossil fuel CO, from China and Southeast Asia, as
well as by CO, emissions in Taiwan itself.

To interpret the relatively low CO, concentration events found
in September, we employ the same strategy as above. As seen
in Fig. 6, the results show that air comes from northern China
through the Korean Peninsula and the East China Sea on Septem-
ber 4, 1993, circularly from Taiwan on September 3, 1996 and
from the central part of Japan through the Korean Peninsula and
the east side of central China on September 16, 2000. These
trajectories are found to pass through areas of low CO, concen-
tration, as calculated by the transport model. The CO, concen-
tration field calculated for September 16 is shown in Fig. 7 as an
example. Such low CO, concentrations are thought to be pro-
duced by photosynthetic activities of the terrestrial biosphere in
the Eurasian Continent and the surrounding regions.

5. Conclusions

To examine temporal variations of atmospheric CO; in the sub-
tropical region of East Asia, as well as the influence of anthro-
pogenic and natural CO, emissions in the Eurasian Continent,
we collected air samples almost biweekly on board a ferry ply-
ing between Ishigaki Island and Hateruma Island in the south-
ernmost part of Japan from June 1993 to April 2005. The CO,
concentration data obtained were analysed in terms of the long-
term trend, its interannual variability and the seasonal cycle, and
the results were compared with those from continuous measure-
ments on Hateruma Island and Yonaguni Island, as well as from
flask sampling on Guam Island. We also interpreted the observed
variations of the CO, concentration using a backward trajectory
analysis and a global three-dimensional atmospheric transport
model. The results obtained in this study are summarized as fol-
lows:

1. The annual mean CO, concentration increases from
360.1 ppmv in 1994 to 378.4 ppmv in 2004, with an average
growth rate of 1.8 ppmv yr~!. This growth rate is in good agree-
ment with those observed at the Hateruma, Yonaguni and Guam
sites. The average seasonal cycle shows the maximum concen-
tration in early April and the minimum concentration in mid-
September, with a peak-to-peak amplitude of 8.5 ppmv. The
observed seasonal CO, cycle agrees fairly well with those at
Hateruma and Yonaguni, but with respect to Guam the seasonal
amplitude is larger by about 2 ppmv and the phase is earlier by
1 month.

2. The measured CO, concentration shows significantly
lower values in the spring of 1998, as compared with those of
contiguous years. Itis suggested that this concentration anomaly
is related to changes in atmospheric circulation induced by
the strong 1997/1998 ENSO event, by which the transport of
polluted air from the Asian Continent is much reduced, in
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Fig. 7. CO; concentration distributions
calculated by the three-dimensional
atmospheric transport model for December
7, 1993, January 23, 2001, March 16, 2002
and September 16, 2000, and those averaged
for 5 d before the respective dates. The CO,
concentrations are represented as deviations
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from the South Pole values.

comparison with the transport of western Pacific air masses with
low CO; concentrations.

3. Very high and low CO, concentrations are sometimes ob-
served in winter and early spring (December to March) and in
September, respectively. The backward trajectory analysis and
the CO, concentration distributions calculated using the three-
dimensional atmospheric transport model suggest that the high
CO; concentrations occur due to transport of air masses affected
by anthropogenic activities and terrestrial biospheric respiration
in China, while the low CO, concentrations occur due to transport
of air masses influenced by terrestrial biospheric photosynthesis
mainly in China and Southeast Asia.

4. A clear seasonal CO, cycle is calculated for our sam-
pling location by the atmospheric transport model. Compared
with the observed seasonal CO, cycle, the simulated maximum
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concentration appears earlier by 1 month, while the minimum
concentration is found at a similar time of the year as the ob-
servation, and the model amplitude is larger by about 2 ppmv.
The calculated and observed growth rates of the CO, concentra-
tion show a similar temporal behaviour, but apparent differences
are also found, presumably due to year-by-year changes in the
oceanic CO; flux not included in the model.

East Asia is one of the most economically rapidly develop-
ing regions in the world. Human activities in this region would
significantly affect future levels of the atmospheric CO, con-
centration. Therefore, it is of special importance to evaluate
anthropogenic CO, emissions from this region, as well as to con-
tinue to monitor the atmospheric CO, concentration precisely for
its validation.
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