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ABSTRACT

Simultaneous measurements of the atmospheric O2/N2 ratio and CO2 concentration were made at Ny-Ålesund,

Svalbard, and Syowa, Antarctica for the period 2001�2009. Based on these measurements, the observed

atmospheric potential oxygen (APO) values were calculated. The APO variations produced by changes in the

oceanic heat content were estimated using an atmospheric transport model and heat-driven air�sea O2 (N2)

fluxes, and then subtracted from observed interannual variations of APO. The oceanic CO2 uptake derived from

the resulting ‘corrected’ secular trend of APO showed interannual variability of less than 90.6 GtC yr�1,

significantly smaller than that derived from the ‘uncorrected’ trend of APO (90.9 GtC yr�1). The average CO2

uptake during the period 2001�2009 was estimated to be 2.990.7 and 0.890.9 GtC yr�1 for the ocean and

terrestrial biosphere, respectively. By excluding the influence of El Niño around 2002�2003, the terrestrial

biospheric CO2 uptake for the period 2004�2009 increased to 1.590.9 GtC yr�1, while the oceanic uptake

decreased slightly to 2.890.8 GtC yr�1.

Keywords: atmospheric potential Oxygen (APO), air-sea O2 (N2) flux, Oceanic CO2 uptake, terrestrial

biospheric CO2 uptake, oceanic heat content, atmospheric transport model

1. Introduction

To estimate the global CO2 budget, the atmospheric O2/N2

ratio has been observed since the early 1990s (e.g. Keeling

et al., 1996), not only at ground-based stations (e.g. Bender

et al., 2005) but also on research/commercial vessels (e.g.

Tohjima et al., 2005) and aircraft in the free troposphere

(e.g. Ishidoya et al., 2012). Observations have also been

carried out in the stratosphere using a balloon-borne

cryogenic air sampler (Ishidoya et al., 2006). However,

considering the observed large interannual variations in the

air�sea O2 flux, long-term observations of the O2/N2 ratio

(�10 years) are required for a reliable estimation of the

global CO2 budget (Nevison et al., 2008a). However, only

three studies are currently available, which have data

records longer than 10 years (Manning and Keeling,

2006; Van der Laan-Luijkx, 2010; Ishidoya et al., 2012).

In these studies, to estimate the average global CO2 budget,

the average thermally driven air�sea O2 flux over the

observation period was evaluated from change in the global

upper ocean heat content by assuming the global mean

coefficient of 4.9 nmol J�1 for the air�sea flux of O2 per

heat flux (Keeling and Garcia, 2002).

In this paper, the authors present temporal variations

of the atmospheric O2/N2 ratio and CO2 concentration

observed at Ny-Ålesund, Svalbard (798N, 128E, 40 m a.s.l.),

and Syowa Station, Antarctica (698S, 408E, 14 m a.s.l.) for

the period 2001�2009. The authors also calculate atmo-

spheric potential oxygen (APO), which is a conservative

variable for terrestrial biospheric activities (Stephens

et al., 1998) and discuss the contribution of the oceanic

O2 outgassing to the observed APO. The authors

then estimate the oceanic and terrestrial biospheric CO2
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uptake using the APO values corrected for the O2

outgassing effect.

2. Experimental procedures

Air samples for the O2/N2 ratio measurement have been

collected once per week at Ny-Ålesund since 2001 and once

or twice per month at Syowa since 2000. Locations of the

respective observation sites are shown in Fig. 1. Each air

sample was taken from an air intake at a flow rate of 1.8 L

min�1 by using a diaphragm pump and filled into a Pyrex

glass flask with Viton O-ring seal at ambient pressure after

removing water vapour using a cold trap maintained at

�78.08C. The air intake was mounted at the top of an 8 m

mast at Syowa and on the roof of a 4 m high observatory

hut at Ny-Ålesund. To minimise the deterioration risk of air

samples during their storage in the flasks, we used 550 mL

flasks at Ny-Ålesund and 2700 mL flasks at Syowa, and

each flask filled with sample air was stored in the dark inside

of a cardboard box after protecting with a shock-absorbing

material. After air sampling, the flasks were stored in on-

site laboratory rooms until their transport to Japan, and

the sample analysis was carried out as soon as the flasks

arrived at Tohoku University. The air samples collected at

Ny-Ålesund and Syowa were analysed for the O2/N2 ratio

within 4 months and 1.5 years, respectively, after their

sampling. By analysing the O2/N2 ratios of a standard air

stored in the 550 mL flasks over 185 days, we confirmed that

their values were stable within our analytical precision of

flask samples to be described below (Ishidoya et al., 2003).

We also found that the O2/N2 ratios of the air samples

collected into the 2700 mL flasks at Syowa agreed well with

the values from our in-situ continuous O2 measurements at

corresponding times at the station (our unpublished data),

an average difference between both datasets over the period

February 2008 to January 2010 being �3.997.5 per meg

(flask-in situ). These results imply that permeation of O2

through the O-ring (Sturm et al., 2004) is insignificant for

our sample flasks.

The O2/N2 ratio is reported in per meg unit:

d O2=N2

� �
¼

O2=N2

� �
sample

O2=N2

� �
standard

� 1

8><
>:

9>=
>;
�106; (1)

where subscripts ‘sample’ and ‘standard’ indicate the

sample air and the standard air, respectively. Because O2

is only 20.946% of air, 4.8 per meg of d(O2/N2) corresponds

to a change of 1 ppm in the O2 mole fraction. In this study,

d(O2/N2) of each air sample was determined against our

working standard air with a reproducibility of 95.4 per

meg (1s) using a mass spectrometer Finnigan MAT-252

(Ishidoya et al., 2003). The CO2 concentration value was

obtained from the flask sample analyses for Ny-Ålesund

and in-situ continuous measurements for Syowa. For

concentration determination, a non-dispersive infrared

analyzer with a reproducibility of 90.01 ppm and our

gravimetrically prepared air-based CO2 standard gas system

with uncertainties of 90.13 ppm were used (Nakazawa

et al., 1991; Morimoto et al., 2003).

To estimate the variations of APO induced by changes in

the air�sea O2 flux, we used a three-dimensional atmo-

spheric transport model developed at the National Institute

of Advanced Industrial Sciences and Technology, Japan,

based on the NIRE-CTM 96 model (Taguchi et al., 2002,
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Fig. 1. Locations of Ny-Ålesund Station, Svalbard, Norway, and Syowa Station, Antarctica.
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2011) (hereafter referred to as STAG). The STAG model

has a horizontal resolution of 1.1258 and 60 vertical levels

and is driven by interannually varying wind fields produced

by the operational analysis of European Centre for

Medium-Range Weather Forecasts (ECMWF). The air�
sea O2 and N2 fluxes incorporated into this model are

described in the following section.

3. Results and discussion

Figure 2 shows the d(O2/N2) and CO2 concentration values

observed at Ny-Ålesund and Syowa for the period January

2001 to December 2009. Best-fit curves to the data and

secular trends obtained using a digital filtering technique

(Nakazawa et al., 1997) are also shown. In this filtering

technique, the average seasonal cycles of d(O2/N2) and

CO2 concentration were approximated by fundamental and

its first harmonics, and signals with periods longer than

36 months were regarded as contributing to a secular trend.

As can be seen from this figure, d(O2/N2) and the CO2

concentration show secular decrease and increase, respec-

tively, accompanied by a prominent seasonal cycle at both

sites. Such secular changes are mainly attributable to the

O2 utilisation and CO2 emission during the anthropogenic

fossil fuel combustion (Keeling et al., 1996). The average

rates of change in d(O2/N2) (CO2 concentration) at Ny-

Ålesund and Syowa over the observation period were

�21.290.8 (2.0090.08) and �22.090.8 per meg yr�1

(1.9990.06 ppm yr�1), respectively. The uncertainties of

these rates, as well as those of the average seasonal

amplitudes of d(O2/N2), CO2 concentration and APO,

were evaluated using a bootstrap method (Press et al.,

2007). The measured values of d(O2/N2) (CO2 concentra-

tion) were found to be lower (higher) by about 25 per meg

(4 ppm), on average, at Ny-Ålesund than at Syowa,

reflecting the fact that the fossil fuel consumption is

much larger in the Northern Hemisphere than in the

Southern Hemisphere. The respective peak-to-peak ampli-

tudes of the average seasonal d(O2/N2) (CO2 concentration)

cycle at Ny-Ålesund and Syowa were 12994 (15.290.4)

and 7094 per meg (1.1090.04 ppm). The ratio of

the seasonal amplitude of d(O2/N2) at Syowa to that at

Ny-Ålesund was 0.5490.08, which is significantly larger

than the corresponding ratio of 0.0790.01 for the seasonal

CO2 cycle. This difference is ascribed to the fact that the

seasonally dependent air�sea O2 flux and the terrestrial

biospheric activity combine to produce the seasonal d(O2/

N2) cycle, while the terrestrial biospheric activity is the

main contributor to the seasonal CO2 cycle (Keeling et al.,

1993). We also found that the ratio of the seasonal

amplitude of d(O2/N2) at Syowa to that at Ny-Ålesund

decreased with time at a rate of �0.0290.01 per meg yr�1.

This fact may be attributable to changes in the terrestrial

biospheric activity during our observation period, since the

seasonal amplitude of CO2 concentration at Ny-Ålesund

gradually increased with time at a rate of 0.2490.11 ppm

yr�1 for this period.

To extract the oceanic component from the measured

values of d(O2/N2), the observed APO was calculated using

APO ¼ dðO2=N2Þ þ ð1:1=0:20946Þ � ½CO2� � 1800; (2)

where [CO2] is the CO2 mole fraction in ppm, 1.1 is

the�O2:CO2 molar exchange ratio for the terrestrial

biospheric activity (Severinghaus, 1995), 0.20946 is the

mole fraction of atmospheric O2 and 1800 is an arbitrary

APO reference point (Stephens et al., 1998). The observed

APO values thus calculated for Ny-Ålesund and Syowa are

shown in Fig. 3a. Since the average �O2:CO2 molar

exchange ratio for fossil fuel combustion is 1.4 (Keeling,

1988), which is larger than the ratio of 1.1 for the terrestrial

biospheric activity, signals of the fossil fuel combustion still

remained in the APO values calculated using eq. (2),

showing up as a secular decrease of APO in Fig. 3a. As

reported by Van der Laan-Luijkx et al. (2010) and

Sirignano et al. (2010), the �O2:CO2 molar exchange ratio

for fossil fuel combustion is spatially variable in principle.

However, it would be plausible for our sites to assume a

global mean exchange ratio for fossil fuel combustion

because of their remoteness from populated areas. The

maximum and minimum of the average seasonal APO

cycle at Ny-Ålesund (Syowa) occurred in late August

(early March) and in late March (middle September),
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Fig. 2. Observed values of d(O2/N2) and CO2 concentration at

Ny-Ålesund (black) and Syowa (red). Best-fit curves to the data

(solid lines) and secular trends (dotted lines) are also shown.
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respectively. The average seasonal peak-to-peak amplitude

of APO was found to be 5293 per meg at Ny-Ålesund

and 6494 per meg at Syowa.

To examine the interannual variation of the seasonal

APO cycle induced by the atmospheric transport, temporal

variations of APO at Ny-Ålesund and Syowa were

simulated using the STAG model that incorporated the

monthly air�sea O2 (N2) flux climatology reported by

Garcia and Keeling (2001). The simulated APO values were

calculated according to

APO ¼ O2½ �
XO2

� N2½ �
XN2

; (3)

where [O2] and [N2] are the simulated concentrations of the

respective gases in ppm of dry air, and XO2 and XN2 are

the respective fractions of O2 and N2 in the atmosphere,

the corresponding values being 0.20946 and 0.7808. The

seasonal cycles of APO derived from the model simulations

for both sites are compared in Fig. 4 with the observational

results. Although the average seasonal APO cycle was

reproduced reasonably well by the model simulations, the

simulated year-to-year variation of the seasonal amplitude

was significantly underestimated compared to the observa-

tion; the simulated amplitudes of the respective years

vary in a range of only 91.4 per meg from their mean at

Ny-Ålesund and in a range of only91.6 per meg at Syowa,

while the observed interannual variability of the amplitude

was 94 per meg at Ny-Ålesund and 98 per meg at Syowa.

This points to the possibility that the air�sea O2 (N2) flux is

much more important for interannual variations of the

seasonal APO cycle than the atmospheric transport. More

detailed inspection of the results given in Fig. 4 also reveals
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Fig. 3. (a) Observed values of APO at Ny-Ålesund and Syowa

(open circles), and simulated deseasonalised values of APO from

the STAG model at these two sites, driven by air�sea O2 and N2

fluxes derived from changes in the ocean heat content (blue dots).

(b) Increase rates of the observed (black lines) and simulated

APO (blue lines). The increase rate of APO corrected for the

contribution of interannually varying air�sea O2 (N2) flux by

subtracting an average of the increase rates simulated for Syowa

and Ny-Ålesund from that observed at the two sites is also shown

(green line).
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that at Syowa, the average simulated seasonal amplitude is

slightly larger than the observation. Such a difference in the

amplitude could arise from inappropriate seasonality of

air�sea O2 (N2) flux, especially in the southern hemispheric

oceans, and/or atmospheric transport of the model.

It has been suggested by previous studies that net oceanic

O2 outgassing is induced by the stratification of the ocean

water and the decrease of O2 solubility in seawater caused

by an increase in the upper ocean heat content (e.g. Bopp

et al., 2002). Therefore, this effect must be considered when

the global CO2 budget is being estimated from a long-term

APO record. For example, Manning and Keeling (2006)

and Ishidoya et al. (2012) applied the respective corrections

of 0.5 and 0.2 GtC yr�1 to the oceanic CO2 uptake for the

periods 1993�2003 and 2000�2010 by assuming global

mean coefficients of 4.9 and 2.2 nmol J�1, respectively, for

air�sea fluxes of O2 and N2 per heat flux (Keeling and

Garcia, 2002).

To examine the effect on the long-term atmospheric APO

trend caused by the variation in the air�sea O2 (N2) flux

(due to changes in the upper ocean heat content), we

simulated the APO variations at Ny-Ålesund and Syowa for

the periodMarch 1999 to April 2011 using the STAGmodel

forced by temporally varying air�sea O2 (N2) fluxes. In this

simulation, the contribution from the fossil fuel combustion

was not included. The O2 (N2) flux at any particular time

during the integration was calculated by multiplying 4.9

(2.2) nmol J�1 (Keeling and Garcia, 2002) by the derivative

of the upper ocean (0�700 m depth) heat content. The

heat content data were taken from the NOAA/NESDIS/

NODC Ocean Climate Laboratory database (http://www.

nodc.noaa.gov/OC5/3M_HEAT_CONTENT/index.html),

which were updated from the results obtained by Levitus

et al. (2009). The estimated heat content was based on

historical and modern data, correcting for instrumental

biases in the bathythermograph records, as well as correct-

ing or excluding some of the Argo float data. It was found

from our model simulation that, for both of our sites, the

simulated seasonal APO cycle preceded the observed cycle

by about 3 months. Therefore, we adjusted the phase of the

simulated seasonal APO cycle to agree with the observation.

This phase difference could be partly attributable to the fact

that an infinite rapid response of the air�sea O2 (N2) flux to

changes in the ocean heat content was assumed in our model

(Keeling et al., 1993). Remaining causes are not well

understood yet, but we might be able to note that thermally

and marine biologically induced air�sea O2 exchanges may

occur seasonally in different phases and the seasonality of

air�sea O2 (N2) flux incorporated into our model may not

be adequate.

The APO values simulated for Ny-Ålesund and Syowa

are shown in Fig. 3a, after subtracting the seasonal cycle

derived by applying the digital filtering technique to the

simulated results (Nakazawa et al., 1997). As seen from this

figure, the simulated APO values show no systematic trend

at Ny-Ålesund, while those at Syowa increase by about

8 per meg for the period 2001�2009. This suggests that

the oceanic CO2 uptake estimated using APO observed at

Ny-Ålesund and Syowa should be corrected by about 0.0

and 0.4 GtC yr�1, respectively, which is related to the net

outgassing of O2 due to an increase in the upper ocean heat

content. These correction values were derived using eqs. (4)

and (5) to be described below. The difference between the

net O2 outgassing effects at Ny-Ålesund and Syowa is

mainly attributable to the fact that the secular increase

rate of the upper ocean heat content is significantly smaller

in the Northern Hemisphere (1.4�1022 J yr�1) than in

the Southern Hemisphere (4.6�1022 J yr�1) during

2001�2009.
The increase rates of the observed and simulated APO are

shown in Fig. 3b. As seen from the figure, their interannual

variations are quite similar to each other, both in amplitude

and in phase, suggesting that the air�sea O2 (N2) fluxes

calculated in this study are realistic and are primarily

responsible for interannual variability in APO. To correct

the observed APO increase rate for the contribution from

the interannually varying air�sea O2 (N2) flux due to the

variation in ocean water properties, we subtracted an

average of the simulated increase rates for Syowa and Ny-

Ålesund from that observed at the two sites. The result is

also shown as a green line in Fig. 3b. Using the resulting

‘corrected’ and observed APO increase rates, we calculated

the oceanic and terrestrial biospheric CO2 uptake in

accordance with the equations,

O ¼ �DAPO�Mair�XO2

� �
þð�aFþaBÞF

h i 1

aB

; (4)

and

B ¼ F�O� DXCO2
�Mair; (5)

given by Manning and Keeling (2006). Here, O, F and B are

the oceanic CO2 uptake, anthropogenic CO2 released from

the fossil fuel combustion/cement manufacture, and the

terrestrial biospheric CO2 uptake, respectively (GtC yr�1);

DXCO2
and DAPO are the observed changes in the

atmospheric CO2 mole fraction in ppm unit and the atmo-

spheric APO in per meg unit, respectively; Mair is the total

number of moles of dry air; XO2
is the standard mole

fraction of O2 in air (0.20946); aF and aB are the global

average �O2:CO2 molar exchange ratios for fossil fuel

combustion (1.39) and the terrestrial biosphere (1.1),

respectively. The term Zeff (GtC yr�1) appeared in the origi-

nal equation by Manning and Keeling (2006), representing
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the correction for the contribution of the net oceanic O2 (N2)

outgassing, is omitted from eq. (5), since such a component

has already been included in the corrected increase rate of

APO obtained above. In this analysis, the yearly values of

CO2 emitted by the fossil fuel combustion/cement manu-

facture were taken from the CDIAC database for the period

2001�2008 (Boden et al., 2011), and their preliminary global

estimates by CDIAC (http://cdiac.ornl.gov/trends/emis/

prelim_2009_2010_estimates.html) were employed for

2009.

Figure 5 shows the oceanic and terrestrial biospheric

CO2 uptake estimated using the above-mentioned method.

Also shown are the rates of CO2 emission from the

fossil fuel combustion/cement manufacture (Boden et al.,

2011; http://cdiac.ornl.gov/trends/emis/prelim_2009_2010_

estimates.html) and of the atmospheric CO2 increase. The

increase rate of atmospheric CO2 shown in the figure was

calculated from the globally averaged marine surface

monthly mean data reported by NOAA/ESRL (www.

esrl.noaa.gov/gmd/ccgg/trends/). As seen in Fig. 5, the

oceanic CO2 uptake estimated using the APO increase rate

corrected for the heat-driven air�sea O2 (N2) flux (Fig. 5b)

shows significantly smaller interannual variations, com-

pared to that estimated using the observed APO increase

rate (Fig. 5a). As a result, the interannual variations of the

terrestrial biospheric CO2 uptake are also reduced. The

magnitude of the interannual variations of the oceanic

CO2 uptake is comparable to those derived using an

atmospheric inversion (Patra et al., 2005) and an ocean

biogeochemical model (McKinley et al., 2004). This

implies that a proper correction of the O2 outgassing

effect is crucial for precisely estimating the global CO2

budget based on APO.

From Fig. 5b, we can also see that the terrestrial

biosphere acted as a net source of CO2 during the 2002�
2003 El Niño event when high atmospheric CO2 increase

rates were observed. In this regard, it is noteworthy that

Knor et al. (2007) reported, using a terrestrial vegetation

model, a global reduction in Net Ecosystem Production

(NEP) during 2002�2003 with a large decrease of Net

Primary Production (NPP) at northern mid-latitudes. On

the other hand, the oceanic CO2 uptake shows relatively

small increase and decrease for the El Niño and La Niña

periods, respectively. Nevison et al. (2008b) also reported,

using an ocean and terrestrial biogeochemical model

combined with a tracer transport model, that the oceanic

CO2 uptake is often increased by about 0.5 GtC yr�1 for

the El Niño periods. However, their estimate is slightly

smaller than the result of this study.

The average oceanic and terrestrial biospheric uptakes of

CO2 estimated in this study for the period 2001�2009 are

2.990.7 and 0.890.9 GtC yr�1, respectively. Ishidoya

et al. (2012) also showed that APO data taken over Japan

yielded an oceanic CO2 uptake of 2.890.7 GtC yr�1 and a

terrestrial biospheric CO2 uptake of 1.090.8 GtC yr�1 for

the period 2001�2009, by evaluating the net oceanic O2

(N2) outgassing using the same method employed in this

study. The estimates from the airborne measurements

at northern mid-latitude agree well with those from the

present boundary-layer measurements at high latitudes. On

the other hand, IPCC (2007) reported the average oceanic

and terrestrial biospheric CO2 uptake values for the 1990s

to be 2.290.4 and 1.090.6 GtC yr�1, respectively. By

comparing their estimates with ours, it appears that the

oceanic CO2 uptake has recently increased, probably due
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Fig. 5. (a) Interannual variations of the oceanic and terrestrial

biospheric CO2 uptake estimated using the average increase rate of

APO observed at Ny-Ålesund and Syowa, and (b) those using the

average increase rate of APO corrected for interannually varying

air�sea O2 (N2) fluxes induced by changes in the ocean heat

content (see text). The rates of CO2 emission from fossil fuel

combustion/cement manufacture and increase of atmospheric CO2

are also shown. Shades around solid lines with Ocean, Land and

Fossil fuel represent uncertainties of their values.
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to a rapid increase in CO2 emission from the fossil fuel

combustion since 2000. If the period of interest is limited

to 2004�2009 to exclude the 2002�2003 El Niño effect,

the terrestrial biospheric uptake increases to 1.590.9 GtC

yr�1 and the oceanic uptake decreases slightly to 2.890.8

GtC yr�1.

4. Conclusions

We conducted systematic measurements of d(O2/N2) and

CO2 concentration at Ny-Ålesund, Svalbard, and Syowa,

Antarctica for the period 2001�2009. APO calculated from

measured values of d(O2/N2) and CO2 concentration

showed a prominent seasonal cycle at both sites. By

comparing the observed seasonal APO cycles with those

simulated using an atmospheric transport model (STAG)

with ECMWF wind fields and the TransCom air�sea O2

(N2) flux climatology, it was suggested that the main

contributor to year-to-year variation of the seasonal

amplitude is the interannual variations of the air�sea O2

(N2) flux rather than the atmospheric transport. To

examine the effect of the air�sea O2 (N2) flux on the

observed long-term trend of APO, we simulated the APO

variations at Ny-Ålesund and Syowa using the STAG

model, in which the air�sea O2 (N2) flux at any particular

time was calculated by multiplying 4.9 (2.2) nmol J�1 by

the derivative of the upper ocean heat content taken from

the NOAA/NESDIS/NODC Ocean Climate Laboratory

database. The observed and simulated interannual varia-

tions of the APO increase rate are quite similar to each

other, both in amplitude and in phase, suggesting that the

air�sea O2 (N2) fluxes calculated in this study are primarily

responsible for interannual variability in APO.

To correct the observed APO increase rate for the

contribution from the interannually varying air�sea O2

(N2) flux due to the variation in ocean water properties, we

subtracted an average of the simulated increase rates for

Syowa and Ny-Ålesund from that observed at the two sites.

The oceanic CO2 uptake estimated using the APO increase

rate corrected for the heat-driven air�sea O2 (N2) flux

showed significantly smaller interannual variations (90.6

GtC yr�1) compared to that estimated using the observed

APO increase rate (90.9 GtC yr�1). The average oceanic

and terrestrial biospheric CO2 uptake during the period

2001�2009 were estimated to be 2.990.7 and 0.890.9 GtC

yr�1, respectively. From the comparison of the present

estimates with those reported by IPCC (2007) for the 1990s,

the oceanic CO2 uptake appears to have increased recently.

If the 2002�2003 El Niño period is excluded, the terrestrial

biospheric CO2 uptake for the period 2004�2009 increased

to 1.590.9 GtC yr�1, while the oceanic uptake decreased

slightly to 2.890.8 GtC yr�1.

To obtain more reliable estimates of carbon fluxes from

the ocean and the terrestrial biosphere, further studies are

required for precise estimation of the ocean heat content,

as well as for accurate determination of the relationship

between the air�sea O2 (N2) flux and the heat flux.
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Taguchi, S., Law, R. M., Rödenbeck, C., Patra, P. K., Maksyutov,

S. and co-authors. 2011. TransCom continuous experiment:

comparison of 222Rn transport at hourly time scales at three

stations in Germany. Atmos. Chem. Phys. 11, 10071�10084.
Tohjima, Y., Mukai, H., Machida, T., Nojiri, Y. and Gloor, M.

2005. First measurements of the latitudinal atmospheric O2 and

CO2 distributions across the western Pacific. Geophys. Res. Lett.

32, L17805. DOI: 10.1029/2005GL023311.

Van der Laan-Luijkx, I. T., Karstens, U., Steinbach, J., Gerbig, C.,

Sirignano, C. and co-authors. 2010. CO2, dO2/N2 and APO:

observations from the Lutjewad, Mace Head and F3 platform

flask sampling network. Atmos. Chem. Phys. 10, 10691�10704.
DOI: 10.5194/acp-10-10691-2010. Online at: www.atmos-chem-

phys.net/10/10691/2010/

8 S. ISHIDOYA ET AL.

http://www.biogeosciences.net/5/875/2008/
http://www.biogeosciences.net/5/875/2008/
http://www.atmos-chem-phys.net/10/1599/2010/
http://www.atmos-chem-phys.net/10/10691/2010/
http://www.atmos-chem-phys.net/10/10691/2010/

