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1. Introduction

Carbon Dioxide Information Analysis Center (CDIAC) reported that the global
anthropogenic CO, emissions from fossil fuel consumptions and cement manufacturing
showed an unprecedented increase in the last decade; the global CO, emission increased by
about 43% between 2000 and 2012. This rapid emission growth has been attributed to the
accelerating emissions from the developing countries, especially in China, which achieved
remarkable economic growth. Despite the recent decadal exponential increase in the fossil
CO; emission, the global atmospheric CO, growth rate showed a rather stable value of
about 2.0 ppm yr' during the recent decadal period except year-to-year variability of about
+0.5 ppm yr'. This fact seems to suggest that the land and/or ocean CO, uptakes also
increased in proportion to the emissions increase. However, several coupled climate-carbon
cycle model studies indicated that the global warming would reduce the land and ocean
uptakes. In order to predict the future atmospheric CO, levels, therefore, it is important to
understand the responses of the sink strengths to the suspected climate changes.

Observation of the long-term change in atmospheric O, concentration, combined with
CO; observation, allows us to evaluate the global carbon budgets because of the tightly
coupled O, and CO; exchanges during the land biotic and combustion process. The change
in stable carbon isotope of the atmospheric CO; can also be used to constrain the global
carbon budgets because of the differences in the isotopic fractionation effects between the
terrestrial and ocean sink processes. Similarly, carbon-14 content in the atmospheric CO, is
useful indicator for the influence of the fossil fuel-derived CO,. Therefore, to better
understand the global carbon cycle and its relation to the climate changes, continued,
systematic and world-wide observations of the atmospheric O, and CO, isotopes are
desired. However, the observations of the above species are significantly limited in
comparison with the observations of the atmospheric CO, concentrations because of the
difficulty of measuring them.

2. Research Objective
The purpose of this research is to evaluate the accurate terrestrial and oceanic sink
fluxes of CO,, their long-term trend and their interannual variability based on the
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atmospheric O,, CO, and CO, isotope observations. Additionally, we intend to investigate
the relationship between those sink fluxes and climate changes including El Nifio and La
Nifia events. To achieve the extensive and systematic measurements of the atmospheric O,
and CO; isotopes, air samples are collected at two fixed sites (Hateruma (HAT, 24°03'N,
123°48'E) and Ochi-ishi (COI, 43°10'N, 145°30'E)) and commercial cargo ships regularly
sailing between Japan and Australia/New Zealand, between Japan and United States, and
between Japan and Southeast Asia. We also carry out in-situ measurements of the
atmospheric O, at HAT and COI, and on board the cargo ship sailing in the western Pacific
region. In addition, in order to investigate the influences of the emissions from
biomass/fossil fuel burning on our observation, we measure '*C of the atmospheric CO, at
HAT by using a remote-controlled air sampling system. To improve the CO, sink
estimations based on the atmospheric CO, isotope observations, we also conduct
observations of carbon isotopes of dissolved inorganic carbon in the surface seawater.
These data would give us the additional information about air-sea O, and CO; fluxes.
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(2) Analytical methods for air samples

0O, and CO; concentrations of the air samples were measured by a gas chromatograph
equipped with a thermal conductivity detector (GC/TCD)" and a nondispersive infrared
analyzer (NDIR), respectively. O, concentrations are reported as relative deviations of
0,/N, ratio from a reference gasz). After the concentration measurements, CO, gases in the
residual air samples were extracted and analyze the isotope ratios by using an Isotope
Ratio-monitoring Mass Spectrometer (MAT 252). In-situ measurements of atmospheric O,
based on the GC/TCD system were conducted at HAT and COI*? and onboard the cargo
ship (Trans Future 5) sailing between Japan and New-Zealand”. A'*CO, measurements
were made using the Compact AMS (Accelerator Mass Spectrometry; NEC 1.5SDH
500kV) performed by Paleo Labo Co., Ltd., Japan. We prepared two whole air reference
cylinders to assess a repeatability of A'*C measurements.



(3) Analytical methods for water samples

Seawater samples from a pumping line for pCO, analyzer are supplied to the
measurements of the dissolved components. Dissolved O, in seawater was continuously
measured by an optical oxygen sensor (OPTODE). In addition, the method of CO,
co-instantaneously stripping from seawater for *C/**C and '*C/"*C ratios measurements
was developed by improving standard methods.

4. Results
(1) O2/N; measurements and estimation of the global carbon budget

Figure 2 shows a “flying carpet” plot of the latitudinal distribution of the atmospheric
0,/N; ratios from the flask samples in the western Pacific over the observation period. The
plot clearly shows the secular decreasing trend and the latitudinal differences in the
seasonality.

Adopting the APO approach, we estimated the global carbon budgets>®. In this
calculation, we use the fossil CO, emission estimates from CDIAC database, the global
average CO; change from NOAA/ESRL observation network, and the ocean outgassing
values of 0.5 Pg-C yr''. Figure 3 shows vector diagram depicting the global carbon budget
calculation for the 14-year period (1992 -2013). The oceanic and land biotic sinks for the
14-year period are 2.5+0.7 Pg-C yr' and 1.5+0.8 Pg-C yr, respectively.
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Fig. 2. Temporal change in the latitudinal

(2) Variation of CO, and carbon isotope ratio in the atmosphere over the Pacific

CO; concentration and carbon isotope ratio have been monitored over the Pacific
since 1995, and at both Hateruma and Ochi-ishi stations since 1999. Annual change rates
in CO, concentration and delta ">C value over 17 years were examined in each latitudinal
band from 30°S to 60°N to estimate global CO, budget in the atmosphere. To obtain global
CO; budget from isotope analysis, we have to estimate isotope exchange rate between
atmosphere and ocean, and the rate between atmosphere and terrestrial biosphere. In this
study, we concluded that isotope exchange rate (iso-flux) had to change with time
depending carbon cycle rate in each carbon pool, such as ocean and land. We found that
some approximation on non-equilibrium term between carbon pools were possible to fit
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trends was an increase in 2009 and a decrease in 2010. Comparison of the growth rates in
CO, and A"C suggests that anomalous decrease in CO, in 2009 and increase in CO, in
2010 might relate with the inverse changes in A'C, although there was a lag of several
months to a half year.

We analyzed A*C and 8"°C of 13 high-CO, events due to Asian outflow observed at
HAT station (Table 1). The CO; increases from the background level (d[CO;]) were more
than 10 ppm in these events. Fossil fuel-derived CO, component (Cg) was calculated as, C
= CObS(A14Cbg—A14C0bs)/(A14Cbg+1000), where Cgps 1s the observed CO, mixing ratio (ppm),
AMCbg and A14C0bS is the background and observed AMC (%o0), respectively7). We found
regional differences in the Cg/d[CO»] ratio: The Cg/d[CO;] ratio was lower for the air from
China (61% in average) than the other events (81% in average). This suggests larger CO,
emissions from biosphere over China in winter. We used “Keeling plot” approach to
identify the source of the additional CO;. The results show that the 8'°C value in the air
from East China and Yellow Sea is higher than the other events, but with some exceptions.
The result is consistent with larger CO, emission from cement productions (limestone,
8'>C=0%o) in China than in Japan and Korea.

Table 1. Date, origin of air mass estimated using trajectory analysis, Cg/d[CO;] derived
from A'C and equation in the text, and the intercepts of &' °C Keeling plot for high CO,
events observed at HAT.

EventID Date Air mass from Cy/dCO, (%) PCyource (%0)
1A 2010/03/07-09 Korea 75+6 -29.0
1B 2010/03/09-11 East China 63+0 -24.5

2 2010/04/22-23 Philippine 81+6 -28.1
3 2010/12/13-14 Japan 8145 -23.9
4 2011/03/01-02 North China 53+6 -24.2
5 2011/04/11-12 Yellow Sea 93+10 -20.3
6 2012/01/19-20 Japan/Yellow Sea 92+7 -22.8
7 2012/02/15-16 Japan/Korea 82+6 -28.6
8 2012/03/07-10 Korea 86+11 -25.8
9 2012/11/11-12 East China 58+5 -23.7
10 2013/01/22-25 East China 73+6 -22.6
11 2013/03/01-02 Yellow Sea/N. China 76+3 -24.1
12 2013/03/13-14 North China 59+13 -26.6
13 2013/04/25-26 Japan/Yellow Sea 67+11 -22.5

(4) A™C analysis of surface water in the western Pacific

Surface A'C in the North Pacific has been monitored using a commercial volunteer
observing ship since 2003. Averaged surface A'*C in the western subtropical, central
subtropical and eastern subtropical regions of the North Pacific for 2003-2008 were 65.8 +
13.9%o, 65.8 + 9.6%0 and 46.7 + 9.4%, respectively. The long-term A'*C decreasing trend
after 1970’s in subtropical region may have stopped in early 2000°s due to a slow decline
of atmospheric A'*CO, and having reached equilibrium between atmospheric A'*CO, and
the subtropical surface A'C.

New method of CO, coinstantaneously stripping from only 100mL of seawater for
8°C and A'C measurements was built up by improvement of each standard stripping
method. The method applied to analyze samples taken during the West Pacific (Japan to
Australia/ New Zealand) voyages of a commercial volunteer observation ship. The 8'°C of
surface water at latitude range from 30°N to 30°S in the West Pacific in July-August of
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equatorial upwelling. These findings of

8"C and A'C suggest that these parameters are important as tracers for seasonal variation

of surface water masses dynamics and air-sea CO, gas exchange. Because the 8"°C of

surface water is also affected by phytoplankton in euphotic zone, we may be able to

explain the effect of phytoplankton on the variation of surface CO, concentration.

5. Discussion

In order to examine the temporal changes in the individual sink fluxes, we also
calculate the carbon budgets for the two periods of 1999-2006 and 2006-2013; the resulted
oceanic and land biotic sink fluxes are 2.4 Pg-C yr' and 0.9 Pg-C yr”', respectively, for the
former period and 2.5 Pg-C yr' and 2.2 Pg-C yr', respectively, for the latter period.
Additionally, the carbon budgets estimation based on the *C measurements also shows
significant increases in both uptakes; the oceanic uptake incrases from 2 to 3 Pg-C yr’
while the land uptake increase by about 1.5 Pg-C yr' during 1995-2013. These results
strongly suggest that the enhanced global uptakes, especially land uptake, would
compensate the recent accelerated global fossil-derived CO, emissions.

The atmospheric A'*C measurements at HAT clearly showed the decreasing secular
trend and revealed the influence of the fossil fuel-derived CO; emissions from the East
Asian countries. In addition, we also found the spatio-temproal variations in the 8"°C and
AM™C values of the dissolved CO; in the western and North Pacific. Since these carbon
isotopes are closely related to the global carbon cycles, the accumulation of these data
would be useful for improving our understanding of the global carbon budgets.
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