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ABSTRACT

A high precision continuous measurement system has been developed for analysis of the atmospheric O2/N2

and Ar/N2 ratios based on a mass spectrometry method. Sample and reference air flows through an inlet

system and only a miniscule amount of each is transferred to the ion source of the mass spectrometer through

thermally insulated thin fused silica capillaries. The measured O2/N2 and Ar/N2 values are experimentally

corrected for the effects of pressure imbalance between the sample air and reference air during their

introduction into the mass spectrometer, as well as for the influence of CO2 concentration and O2/N2 ratio

of the sample air. Standard deviations of the measured O2/N2 and Ar/N2 ratios of standard air are 93.2

and 96.5 per meg, respectively, for our normal measurement time of 62 seconds. Our standard air is prepared

by drying natural air and then stored in 48-L high-pressure cylinders; its O2/N2 and Ar/N2 ratios are stable

to within 91.1 and 95.8 per meg, respectively, over a period of 11 months. The CO2/N2 ratio is also

simultaneously measured by this system, and converted to CO2 concentration with a precision better than

90.3 ppm using an experimentally determined relationship. This system has been field tested in Tsukuba,

Japan since February 2012. Preliminary results show clear seasonal cycles of atmospheric potential oxygen

(APO�O2 �1.1�CO2), as well as of Ar/N2. If we ignore the fossil fuel influence, then that part the seasonal

APO cycle driven by the air�sea heat flux accounts for 23% of the observed seasonal APO cycle, as estimated

from the seasonal cycle of Ar/N2; any residuals are attributed to ocean biology and ventilation.

Keywords: atmospheric O2/N2 ratio, atmospheric Ar/N2 ratio, continuous measurements, mass spectrometer,

seasonal cycle of Ar/N2 ratio

1. Introduction

Precise observations of the secular trend and the season-

al cycle of the atmospheric O2/N2 ratio would contribute

to a better understanding of the global CO2 budget and

marine biological activities, respectively (Keeling et al.,

1993). For this purpose, intense observations of the O2/N2

ratio have been carried out since the early 1990s (Keeling and

Shertz, 1992) at ground-based stations (e.g., Bender et al.,

1996; Manning and Keeling, 2006; Tohjima et al., 2008;

van der Laan-Luijkx et al., 2010; Ishidoya et al., 2012a),

on oceanographic research/commercial vessels (Tohjima

et al., 2005, 2012; Battle et al., 2006; Thompson et al.,

2007), from aircraft in the free troposphere (e.g. Ishidoya

et al., 2012b), and from a balloon-borne cryogenic air

sampler in the stratosphere (Ishidoya et al., 2006, 2013).

On the other hand, a difference in the solubility between

Ar and N2 and its subsequent effect on the air�sea Ar and

N2 fluxes are basically the only contribution to changes

in the atmospheric Ar/N2 ratio. Since the solubility varies

in response to ocean warming/cooling, variation in the

atmospheric Ar/N2 ratio is a unique tracer for air�sea heat

fluxes. Therefore, a concurrently observed Ar/N2, along

with O2/N2, can be used to estimate the contribution of

the air�sea heat fluxes to atmospheric potential oxygen

(APO�O2�1.1�CO2), which is a conservative variable

for terrestrial biospheric activities and is an indicator of

air�sea O2 fluxes (Stephens et al., 1998). Such an estimation

is useful for not only deriving the contribution of marine

biological activities, including the effects of ventilation of

deep water with depleted O2 from the seasonal APO (Battle

et al., 2003; Blaine 2005; Nevison et al., 2012), but also for
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clarifying long-term trends and interannual variation of

APO driven by net air�sea heat fluxes (e.g. Bopp et al.,

2002; Manning and Keeling, 2006; Ishidoya et al., 2012a).

However, atmospheric Ar/N2 is very difficult to measure

because of the significant artificial fractionations of Ar

and N2 that occur during collection of air samples and

subsequent analyses (e.g. Blaine, 2005; Blaine et al., 2006;

Sturm et al., 2006). As a result, only a few studies have

succeeded in observing the seasonal cycles of the atmo-

spheric Ar/N2 ratio at surface stations (Battle et al., 2003;

Keeling et al., 2004; Blaine, 2005; Cassar et al., 2008).

Atmospheric O2/N2 and Ar/N2 are usually reported in

per meg units;

dðO2=N2Þ ¼
ðO2=N2Þsample

ðO2=N2Þstandard
� 1

 !
� 106ðper megÞ (1)

and

dðAr=N2Þ ¼
ðAr=N2Þsample

ðAr=N2Þstandard
� 1

 !
� 106ðper megÞ (2)

where the subscripts ‘sample’ and ‘standard’ indicate the

O2/N2 (Ar/N2) ratios of the sample and the standard air,

respectively. Because O2 (Ar) constitutes 20.946 (0.934)%

of air by volume (Nicolet, 1960; Machta and Hughes,

1970), 4.8 (107) per meg of d(O2/N2) [d(Ar/N2)] is

equivalent to 1 ppm. Peak-to-peak amplitudes of the

seasonal cycle and secular trends of atmospheric d(O2/N2)

reported by past studies are about 50�150 per meg

and �15��20 per meg yr�1, respectively (e.g. Keeling

et al., 1996; Battle et al., 2000; van der Laan-Luijkx et al.,

2013), with a required precision of at least 95 per meg

(�91 ppm) to infer something about the global CO2

cycle based on the d(O2/N2) observations (Keeling et al.,

1993). Therefore, various methods have been developed to

measure d(O2/N2) with a precision better than 95 per meg

using various instruments such as interferometer (Keeling,

1988; Keeling et al., 1998), mass spectrometer (Bender

et al., 1994, 2005), gas chromatograph (Tohjima, 2000),

paramagnetic analyser (Manning et al., 1999), vacuum

ultraviolet analyser (Stephens et al., 2003) and fuel cell

analyser (Stephens et al., 2007).

On the other hand, peak-to-peak amplitudes of the

seasonal d(Ar/N2) cycle reported in past studies are in a

range of 6�35 per meg (Battle et al., 2003; Keeling et al.,

2004; Blaine, 2005; Cassar et al., 2008); these are signifi-

cantly smaller than those of the seasonal d(O2/N2) cycles.

Since Keeling et al. (2004) estimated the long-term change

of atmospheric d(Ar/N2) to be only about 2.6 per meg

due to an ocean warming of about 10�1022 J, roughly

corresponding to an increase in heat content in the top

0�700m layer during 1990�2005 (Levitus et al., 2009) (http://
www.nodc.noaa.gov/OC5/3M_HEAT_CONTENT/). This

requires a precision of 910 per meg or better to detect a

significant seasonal cycle and a long-term trend in d(Ar/N2),

the latter of which has not been observed so far.

In analysing flask air samples of atmospheric d(Ar/N2),

Battle et al. (2003) and Keeling et al. (2004) achieved a

precision of about 910 per meg using a mass spectrometer

with a customised dual inlet system (Finnigan Delta

Plus XL) and a single capillary mass spectrometer (ISO-

PRIME), respectively. Keeling et al. (2004) and Blaine

(2005) also developed a continuous measurement system

for atmospheric d(O2/N2) and d(Ar/N2) using ISOPRIME

and achieved more precise measurements of d(Ar/N2)

(92�3 per meg for 1 hour mean values).

In this paper, we present a newly developed high-precision

system that simultaneously measures atmospheric d(O2/N2),

d(Ar/N2) and CO2 using a mass spectrometer equipped with

a customised dual inlet system. We also present preliminary

observational results of O2/N2, Ar/N2 and CO2 obtained

using the measurement system in Tsukuba (368N, 1408E),
Japan and estimate the relative contribution of the air�sea
heat flux to the seasonal APO cycle based on the seasonal

cycle of the Ar/N2 ratio.

2. Method

2.1. Measurement system and procedures

Our newly developed measurement system is schematically

illustrated in Fig. 1. Amass spectrometer (Thermo Scientific

Delta-V) is adopted to measure the ion beam currents for

masses 28 (14N14N), 29 (15N14N), 32 (16O16O), 33 (17O16O),

34 (18O16O), 36 (36Ar), 40 (40Ar) and 44 (12C16O16O)

simultaneously. The values of d(O2/N2), d(Ar/N2), and

d(CO2/N2) reported in this study are expressed using the

following formula;

dð16
O16O=

14
N14NÞ ¼

ð16O16O=
14
N14NÞsample

ð16O16O=
14
N14NÞstandard

� 1

 !

� 106ðper megÞ;
(3)

dð40
Ar=

14
N14NÞ ¼

ð40Ar=
14
N14NÞsample

ð40Ar=
14
N14NÞstandard

� 1

 !

� 106ðper megÞ;
(4)

dð44
CO2=

14
N14NÞ ¼

ð44CO2=
14
N14NÞsample

ð44CO2=
14
N14NÞstandard

� 1

 !

� 103 %ð Þ
(5)

The measured d(CO2/N2) of a sample air is converted

to CO2 concentration units of ppm using experimentally

determined relationships between d(CO2/N2) and the CO2

concentration measured using a non-dispersive infrared

analyser (NDIR) (see Section 2.5). It is noted that a
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response of the d(O2/N2) [d(Ar/N2)] value measured by our

mass spectrometer to the O2/N2 (Ar/N2) ratio of a sample

air has been confirmed to be linear with a correlation

coefficient of 0.9999 (0.9995), by analysing 5 air samples

with different O2/N2 ratios from the atmospheric value

by 920% (Ar/N2 ratios of 950%); these samples were

prepared by mixing pure O2 (Ar) and N2 using an absolute

pressure sensor. The difference between the slopes of d(O2/

N2)/(O2/N2) [d(Ar/N2)/(Ar/N2)] obtained from the mea-

surement by the mass spectrometer and that calculated

from eq. (3) [eq. (4)] has been also confirmed to be within

2 (1.5)%.

Sample air is taken from an air intake (4mm inner

diameter (ID) and 30mm length stainless-steel tube) through

a 100m-length Dekabon tube [6mm outer diameter (OD)]

by using a diaphragm pump. Water vapour in the sample

air is then reduced significantly using an electric cooling

unit (ECU) at 28C. The ECU unit is equipped with a drain,

and a small portion of the sample air always flows out from

the drain at a rate of 12mL min�1 to draw out condensed

water vapour. After passing ECU, the remaining sample

air is introduced into a 1-L stainless-steel buffer tank, from

where the gas is exhausted at a flow rate of 5 L min�1.

A small portion of this exhausted gas is introduced into

a 1/8-inch OD stainless-steel tube and any remaining water

vapour is removed using a 350-mL cold trap at �908C.
During the continuous analysis of the sample air, a

stop valve SV1 (SV2 and SV3) is opened (closed), and

the flow rate of the gas is adjusted using needle valves (NV1

and NV2). Stop valves SV4, SV5, SV6 and SV7 are

always open during the analysis. Finally, the remaining

sample air is vented through an outlet path at a rate of 12mL

min�1, and only a miniscule amount of it is transferred

to the ion source (or waste line) of the mass spectrometer

through a 1.5-m length 25-mm ID insulated fused-silica

capillary. The length and the diameter of the capillary

have been chosen so that the sample air can be introduced

into the ion source at an appropriate pressure (about

1.8�10�5 Pa). The insulation of the capillary is necessary

to avoid a fractionation of air molecules due to temperature

gradient (Keeling et al., 1998; Ishidoya et al., 2003). Ishidoya

et al. (2003) reported that the standard error of each

d(16O16O/15N14N) measurement for a sample air (consisted

of 10 alternate analyses for the sample air and the reference

air) was decreased considerably from 9.0�30.0 per meg

to below 6.0 per meg, by insulating the fused-silica capillary

Fig. 1. Schematic diagram of the continuous measurement system for the atmospheric d(O2/N2), d(Ar/N2) and d(CO2/N2).
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used in the measurement system. As for the reference air,

it is always supplied from a high-pressure cylinder at a

flow rate of 5mL min�1, and a miniscule amount of it is

introduced into the ion source (or waste line) through

another fused-silica capillary with the same length and

shape as the one for the sample air. We use an air-based

CO2 standard air filled in a 48-L aluminium high-pressure

cylinder produced by Japan Fine Products (JFP) (hereafter

referred to as the ‘air-based CO2 standard air’) as the

reference air. The air-based CO2 standard air is prepared

by mixing purified natural air with pure CO2. The d(O2/N2)

and d(Ar/N2) values of the air-based CO2 standard air

are found to be different from those of the ambient natural

air by several �, and those of the reference air by about

5.9 and 3.2 �, respectively, against our primary standard

air (see Section 2.6). The pressures of the sample and

reference air are equalised using three needle valves (NV1,

NV2 and NV3) to minimise the pressure-imbalance effects

on the measured values (see Section 2.2).

For the continuous measurements of d(O2/N2), d(Ar/N2)

and d(CO2/N2), each mass spectrometry measurement

(hereafter referred to as the ‘1 block measurement’) consists

of 50 alternate analyses for the sample and reference

air (hereafter referred to as the ‘50 cycles measurements’),

and the block measurements are made repeatedly. The

integration and idle times of each analysis are 16 and

15 seconds, respectively, and 1 block (1 cycle) measure-

ment takes about 1 hour (62 seconds). The d(O2/N2) and

d(Ar/N2) values of the sample air against the reference air

are converted to values against our primary standard air

for d(O2/N2) and d(Ar/N2) (see Section 2.6), by analys-

ing the standard air periodically to determine the values

of the reference air. The standard air, supplied from a

high-pressure cylinder at a flow rate of 5mL min�1,

is introduced into the ion source (or waste line) of the

mass spectrometer like the reference air, but through the

sample-air line (i.e. SV1 and SV2 are closed and opened,

respectively).

2.2. Influence of pressure imbalance between sample

air and reference air on measured d(O2/N2),

d(Ar/N2) and d(CO2/N2) values

The ion beam current of a mass spectrometer depends

on the kind and pressure of gas to be introduced, as well as

on the ion source condition. To examine the effects of the

pressure imbalance between sample and reference air on

measured values, we have measured the ion beam currents

by changing the pressure of air introduced into the mass

spectrometer. Figure 2 shows typical relationships of the

measured d(O2/N2), d(Ar/N2) and d(CO2/N2) with the

pressure imbalance. The pressure imbalance is expressed

as a relative pressure change (DP/P) as follows:

DP=P ¼ ð14N14Nsa �14 N14NrefÞð
14
N14NrefÞ

�1 � 100ð%Þ;
(6)

where 14N14Nsa and 14N14Nref are the detector outputs of

the ion beam current for 14N14N of the sample and the

reference air, respectively. Since 14N14N is a major compo-

nent in the atmosphere and is nearly constant in concen-

tration, the current is used as a measure for the pressure.

As seen from Fig. 2, the measured values change in

proportion to DP/P, and the change rates of d(O2/N2),

d(Ar/N2) and d(CO2/N2) relative to DP/P are 73, 90 and

144 per meg%�1, respectively. Because DP/P is usually

adjusted to be within 90.1% during continuous measure-

ments, typical corrections for the measured d(O2/N2),

d(Ar/N2) and d(CO2/N2) values are within 97, 99 and

914 per meg, respectively. The change rates of d(O2/N2),

d(Ar/N2) and d(CO2/N2) relative to DP/P are also observed

to vary with time in ranges of 98, 913 and 995 per meg

%�1 (91s), respectively, from the respective average rates

when using the same cathode unit of the ion source, so we

have examined the above relationships about once a month.

2.3. Influence of CO2 concentration in sample air on

measured d(O2/N2) and d(Ar/N2) values

When sample air is introduced into the ion source of

the mass spectrometer, some of the CO2 molecules in

the sample are converted to CO. The molecular mass of

Fig. 2. Dependence of the measured d(O2/N2), d(Ar/N2) and

d(CO2/N2) on the relative pressure change (DP/P) between the

sample air and the reference air to the pressure of the reference air

at their introduction into the mass spectrometer.
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CO (12C16O) is equal to that of N2 (
14N14N), so that mass

spectrometry measured values of d(O2/N2) and d(Ar/N2)

could be affected by the converted CO (Bender et al., 1994;

Leuenberger et al., 2000; Ishidoya et al., 2003; Keeling

et al., 2004). To examine this effect, we repeat number of

times an experiment in which a very small and different

amount of pure CO2 is added through SV3 to an air-based

CO2 standard air flowing in the sample-air line shown in

Fig. 1, and measure d(O2/N2), d(Ar/N2) and d(CO2/N2)

against the reference air.

An example of the experimental results is shown in

Fig. 3. DCO2 represents the difference in the CO2 concen-

tration of the air-based CO2 standard between after adding

and before adding pure CO2. In this figure, the measured

d(CO2/N2) are already converted to CO2 concentration

using the method described in Section 2.5. As seen in

Fig. 3, the measured d(O2/N2) and d(Ar/N2) decrease with

increasing DCO2. Linear regression lines fitted to d(O2/N2)

and d(Ar/N2) yield slopes of �0.08 and �0.20 per meg

ppm�1, respectively. Based on these slopes, the respective

corrections to d(O2/N2) and d(Ar/N2) associated with the

seasonal CO2 cycle in the northern mid-latitude, which is

about 15 ppm (e.g. Nakazawa et al., 1997), are estimated

to be about 1.2 and 3.0 per meg, while larger corrections

would be needed for anthropogenic CO2 increase in an

urban area. Therefore, the measured d(O2/N2) and d(Ar/

N2) values are corrected for the measured CO2 concentra-

tion in the sample air using the above experimentally

determined relationships. Because the slopes of the linear

regression lines are found to be somewhat variable

depending on the ion source condition, the relationships

are examined every time when we exchange the cathode

unit of the ion source.

The decreases in measured d(O2/N2) and d(Ar/N2) with

increasing DCO2 seen in Fig. 3 are consistent with what

one would expect from an apparent increase in 14N14N

due to an increase in the generated 12C16O accompanied

by an increase in the CO2 concentration. However, rates

of change in d(O2/N2) and d(Ar/N2) against DCO2 are

expected to be identical to each other if the influence on

both d(O2/N2) and d(Ar/N2) is increased in proportion

to the 12C16O/14N14N ratio. In this regard, Blaine (2005)

analysed a mixture of O2 and CO2, and a mixture of Ar and

CO2, and found nearly identical change rates for both

d(O2/N2) and d(Ar/N2) against DCO2. However, the change

rate in d(O2/N2)/DCO2 clearly differs from that of d(Ar/

N2)/DCO2 in this study. This discrepancy suggests that the

influence of CO2 concentration on d(O2/N2) and d(Ar/N2)

could be attributable not only to CO converted from CO2,

but also to a yet-to-be-defined mutual interference of O2,

N2, Ar and CO2.

2.4. Mutual influence of Ar/N2 and O2/N2 ratios in

sample air on measured d(O2/N2) and d(Ar/N2) values

Keeling et al. (2004) and Blaine (2005) reported that d(Ar/

N2) in sample air is not affected by variation in d(O2/N2),

or d(O2/N2) by variation in d(Ar/N2). To examine this

in the context of our measurement system, we repeat the

experimental procedure described above in Section 2.3,

but use instead pure O2 or Ar. In Fig. 4a we see that, by

adding small amounts of O2 only, Dd(Ar/N2) increases with

increasing Dd(O2/N2). The rate of change of Dd(Ar/N2)

relative to Dd(O2/N2) is calculated to be 0.014 per meg

per meg�1, the slope of the linear regression line. Since

the observed peak-to-peak amplitude of the d(O2/N2)

seasonal cycle in the northern hemisphere mid-latitude

is about 140 per meg (e.g. Tohjima et al., 2003; Ishidoya

et al., 2012b), we need to apply a seasonal correction

of about 2.0 per meg to the measured d(Ar/N2). This

correction is non-negligible. Such significant dependence of

d(Ar/N2) on the d(O2/N2) variation in this study differs

from the results of Keeling et al. (2004) and Blaine (2005).

Therefore, our measured d(Ar/N2) is corrected for the

variation in d(O2/N2) by using the regression relationship

shown in Fig. 4a.

In the experiments where we add small amounts of Ar,

we find that d(O2/N2) increases slightly with increasing

d(Ar/N2), and the rate of change of d(O2/N2) relative to

d(Ar/N2) is calculated to be 0.00003 per meg per meg�1

(Fig. 4b). This shows that the influence of atmospheric

Fig. 3. Changes of the measured d(O2/N2) and d(Ar/N2)

values of the air sample dependent on its CO2 concentration.

DCO2 represents the difference between the CO2 concentration

of the air-based CO2 standard air after and before adding pure

CO2 (see text).
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d(Ar/N2) variation on d(O2/N2) is negligibly small, con-

sistent with the results of Keeling et al. (2004) and Blaine

(2005). Although it is not clear as to the cause of the way

d(Ar/N2) and d(O2/N2) relate to each other, it has been

reported that the isotopic ratio of O2 is affected by d(O2/

N2) variations in atmospheric air samples (Sowers et al.,

1989).

Based on the results described in Sections 2.2�2.4,
we correct d(O2/N2) and d(Ar/N2) using the following

equations:

d O2=N2ð Þcor:¼ d O2=N2ð Þmeas:þaO2
DP=Pþ bO2

D CO2½ � (7)

d Ar=N2ð Þcor:¼d Ar=N2ð Þmeas:þaArDP=Pþ bArD CO2½ �
þ cDd O2=N2ð Þcor:

(8)

where the subscripts ‘cor.’ and ‘meas.’ are the corrected

and measured values, respectively. The parameters a, b and

g are the coefficients of corrections for DP/P between the

sample and reference air, and influences of CO2 concen-

tration and d(O2/N2) of sample air on measured values,

respectively, determined by the experiments described in

Sections 2.2 to 2.4. D[CO2] [Dd(O2/N2)cor.] denotes the

difference in the CO2 concentration [d(O2/N2)cor.] between

the sample and the primary standard.

2.5. Conversion of measured d(CO2/N2) to CO2

concentration

To measure CO2 concentration in sample air using

our measurement system, conversion of the measured

d(CO2/N2) to CO2 concentration is needed. When we

compare the ion beam currents of mass 44 for an air-based

CO2 standard (350 ppm) with that for a CO2-free air,

it is found that the measured ion beam currents consist

of 70% CO2 (12C16O2) and 30% N2O (14N14N16O)

generated from N2 and O2 in the ion source. Leuenberger

et al. (2000) also reported N2O being produced in the ion

source and its significant superposition effect on CO2.

This means that the measured d(CO2/N2) does not repre-

sent directly the actual CO2 concentration in the sample air.

Therefore, we proceed to find an experimental relation-

ship between the measured d(CO2/N2) and the CO2

concentration of an air-based CO2 standard. The CO2

concentrations of the standard air are determined using

a NDIR (HORIBA, VIA-500) calibrated against our

primary standard (Murayama et al., 2003). The measured

d(CO2/N2) values are found to change in proportion to the

CO2 concentration over a range of 200�1000 ppm, with an

average change rate of CO2 relative to d(CO2/N2) of

0.4090.02 ppm ��1 (91s). Figure 5a shows an example

of the relationship between d(CO2/N2) and CO2 concentra-

tion. The d(CO2/N2) data values are from the seven air-

based CO2 standards measured on different days during

the period from May 17 to June 11, 2012. The slope of the

regression line is 0.39490.002 ppm ��1 with a correlation

coefficient of 0.99996, with an average difference of the

NDIR-based CO2 concentrations from the regression lines

of 0.2890.19 ppm. Therefore, the linear relationship be-

tween d(CO2/N2) and CO2 concentration is maintained

for over 3 weeks. By using the obtained linear relationship,

we can convert d(CO2/N2) to CO2 concentration. Figure 5b

compares atmospheric CO2 concentration converted from

d(CO2/N2) with that actually measured using an NDIR

(Licor, Li-6262) during February 2�3, 2012, at Tsukuba,

Japan. Variation in the CO2 concentration converted from

d(CO2/N2) is quite similar to that measured by the NDIR,

and the average difference between the two is �0.0590.27

(91s) ppm over the 2-d period. The degree of agreement

shows that our measurement system is able to observe

atmospheric CO2 with a precision better than 90.3 ppm,

which is similar to the precision of CO2 concentration on a

mass spectrometry reported by Leuenberger et al. (2000).

We have also noted that the CO2/d(CO2/N2) ratio changes

Fig. 4. (a) Change of the measured d(Ar/N2) of the sample air

dependent on its d(O2/N2). (b) Same as (a) but for change of the

measured d(O2/N2) of the sample air dependent on its d(Ar/N2).

Dd(Ar/N2) [Dd(O2/N2)] is the difference between the measured

d(Ar/N2) [d(O2/N2)] of the air-based CO2 standard air after and

before adding pure O2 or Ar (see text).
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slowly with time at a rate of 0.36�0.44 ppm ��1, probably

due to changes in the condition of the ion source for

generating 14N14N16O. Therefore, we check the relation-

ship between d(CO2/N2) and CO2 every 2 weeks to main-

tain the measurement precision. The uncertainty of the

CO2 concentration due to the 2-week interval in the

calibration is typically within 0.2 ppm.

2.6. Standard air and measurement precision

Since the mass spectrometry approach we use in this study is

a relative measurement method, a primary standard air with

stable values of d(O2/N2) and d(Ar/N2) must be prepared.

We have prepared two standards so far by filling natural air

into 48-L aluminium high-pressure cylinders (cylinder No.

CRC00045 and CRC00044) with a diaphragm valve

(HAMAI, G-55) to a pressure of about 13MPa after drying

cryogenically by using a highly efficient water trap that

can lower the dew point of air to lower than �808C (Goto

et al., 2013).

Figure 6 shows some typical analytical results of d(O2/N2),

d(Ar/N2) and d(CO2/N2) of the standard air against a

reference air. The reference air is an air-based CO2 standard

(350 ppm) stored in a cylinder with a key plate valve

(HAMAI, G-12). During the analyses, the standard air

cylinder is left lying on the floor, while the reference air

cylinder is left standing due to the limited space in our

laboratory. The high-pressure standard air cylinder needs

to lie flat to reduce a thermally diffusive fractionation of O2,

N2 and Ar due to temperature gradient between the top

and the bottom of the cylinder (Keeling et al., 1998, 2004).

The dots in Fig. 6 represent the values obtained from 1

cycle measurement. As seen from the figure, about 8 hours

of measurements are needed to achieve stable d(O2/N2),

d(Ar/N2) and d(CO2/N2) values after the opening of the

high-pressure cylinder’s valve. The initial drifts of the

measured variables shown in Fig. 6 occur repeatedly when

the standard air is analysed against the reference air. We

also find that about 5�8 hours are required to obtain

stable values of d(O2/N2), d(Ar/N2) and d(CO2/N2) for the

high-pressure cylinders equipped with a diaphragm valve,

while it takes longer than 24 hours to stabilise if the cylinders

have a key plate valve. Therefore, the stabilisation time

depends � at least based on our measurements � on the
Fig. 5. (a) Relationship between d(CO2/N2) of standard air

measured using the mass spectrometer and CO2 concentration

measured using a non-dispersive infrared analyser (NDIR). d(CO2/

N2) data were obtained on different days during May 17�June 11,
2012. (b) Atmospheric CO2 concentrations observed at Tsukuba,

Japan using the mass spectrometer (black solid line) and a NDIR

(red dots), and their differences (green line).

Fig. 6. Typical analytical results of the d(O2/N2), d(Ar/N2) and

d(CO2/N2) of a standard air against a reference air. Data are

shown as deviations from the average values for the period after 8

hours analyses.
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kind of high-pressure valves used. We have also found

that the stabilisation time after the opening of the high-

pressure cylinder’s valve reduces to some extent if the

pressure within the pressure regulator connected to the

standard cylinder is kept high to equal the inner pressure of

the cylinder itself. Therefore, the long stabilisation time

is partly due to the fractionation of air molecules during

the introduction of high-pressure air into the regulator.

Standard deviations of the d(O2/N2), d(Ar/N2) and d(CO2/

N2) values shown in Fig. 6 after 8 hours measurements are

93.2 per meg,96.5 per meg and90.05� (�90.02 ppm),

respectively (91s).
The d(O2/N2) and d(Ar/N2) values of the standard

air must be stable for several years to make accurate

observations of their seasonal cycles and secular trends in

the atmosphere. Therefore, we have examined month-

to-month variations of the measured d(O2/N2) and d(Ar/

N2) values of our two standard air against the reference air

(using average values of more than 50-cycle measurements

of the stable values). In Fig. 7, deviations from the average

values for the respective standard air over the period April

2012�February 2013 are plotted. The d(O2/N2) and d(Ar/

N2) values of the two standard air cylinders show similar

temporal variations, as well as some clear gaps related to

the time of exchange of the cathode unit in the mass

spectrometer. The standard deviations of the d(O2/N2)

[d(Ar/N2)] values, from the average values for each period

using the same cathode units, are calculated to be92.2 and

91.9 per meg (95.0 and 95.9 per meg) (91s) for the

CRC00045 and CRC00044 cylinders, respectively. Tem-

poral changes in d(O2/N2) are correlated closely with d(Ar/

N2) for the CRC00045 and CRC00044 cylinders, and the

d(Ar/N2)/d(O2/N2) ratio is calculated to be 2.290.4 per

meg per meg�1, which is consistent with 2.17 per meg per

meg�1 reported by Keeling et al. (2004) for the fractiona-

tion of molecules due to the thermal diffusion effect in a

high-pressure (12MPa) cylinder. Therefore, these facts

would suggest that the measured values of the reference

air from a vertically standing cylinder (as was the case in

this study) are affected by the thermal diffusion due to the

vertical temperature gradient in our laboratory.

We regarded the cylinder CRC00045 as our primary

standard air, and the cylinder CRC00044 as working

standard air in the following discussion. Figure 8 shows

the d(O2/N2) and d(Ar/N2) values of the working standard

against the primary standard, calculated by subtracting

the time-interpolated d(O2/N2) and d(Ar/N2) values of the

primary standard against the reference air from those of

the working standard. From the figure, the average d(O2/N2)

and d(Ar/N2) values of the CRC00044 cylinder for the

period from July 2012 to February 2013 are calculated to be

176.691.1 and �357.595.8 per meg (91 s), respectively.
From the results, the long-term stabilities of d(O2/N2) and

d(Ar/N2) are estimated to be 91.1 per meg and 95.8 per

meg (91s), respectively. The required precisions to detect

d(O2/N2) secular trend and d(Ar/N2) seasonal cycle need

to be95 and910 per meg or better, and our measurement

system has met the requirement and is able to measure

atmospheric d(O2/N2) and d(Ar/N2) simultaneously. Figures

7 and 8 also indicate that measurements of the standard

air about every 1.5 months are enough to calibrate the

observed d(O2/N2) and d(Ar/N2), resulting in only a small

consumption of the standard air (0.1MPa yr�1).

Fig. 7. Temporal changes of the d(O2/N2) and d(Ar/N2) of the

standard air (CRC00045 and CRC00044) against a reference air.

Data are shown as deviations from the average values for the

respective standard air over the period. Vertical dotted line denotes

the time when the cathode unit of the ion source of the mass

spectrometer was exchanged.

Fig. 8. Temporal changes of d(O2/N2) and d(Ar/N2) of the

working standard air against the primary standard air.
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3. Preliminary observational results of the

atmospheric d(O2/N2), d(Ar/N2) and CO2

concentration in Tsukuba, Japan

3.1. Atmospheric d(O2/N2) and CO2 concentration

Using our measurement system, we have made, since

February 2012, continuous measurements of atmospheric

d(O2/N2), d(Ar/N2) and CO2 concentration in the city of

Tsukuba, Japan, located northeast of Tokyo and about

50 km from the Pacific coastline (Fig. 9), with a population

of about 218 000. Air intake is located on the roof of an

8-m-high laboratory building situated on the grounds of

the National Institute of Advanced Industrial Science and

Technology (AIST). Mean annual temperature and pre-

cipitation are 13.88C and 1283mm, respectively, based

on the 1981�2010 Japan Meteorological Agency data. The

plant cover around the AIST building complex, located on

the southern part of the central city area, consists mainly of

deciduous and coniferous trees.

Figure 10 shows the observed atmospheric d(O2/N2) and

CO2 concentration at Tsukuba. Individual values of d(O2/

N2) and CO2 are obtained from the 1 cycle measure-

ment of the mass spectrometer. Curves consisting of two-

harmonics and a linear trend optimally fitted to the

maximum (minimum) values of d(O2/N2) (CO2) for the

successive 24-hours periods are also shown in Fig. 10.

Although it is expected that d(Ar/N2) does not naturally

change significantly on diurnal timescale, Sturm et al. (2006)

and Blaine et al. (2006) reported that d(Ar/N2) shows

much lower values during the daytime than during the night

time by about 80�100 per meg due to the thermally diffusive

fractionation of Ar and N2 at the air intake (hereafter

referred to as the ‘inlet fractionation’) under significant

radiative heating/cooling and with relatively small gas

velocity of the sample air at the air intake (0.3�0.4m s�1).

If this is the case, then the diurnal d(O2/N2) cycle is also

affected by about 20�30 per meg due to the inlet fractiona-

tion, by assuming the thermal diffusion factors’ ratio of

d(Ar/N2)/d(O2/N2) to be 3.77 at 1.013�105 Pa (Keeling

et al., 2004). The observed d(Ar/N2) at Tsukuba shows lower

values during the daytime than during the night time by

about 3.3 per meg on average, which is significantly smaller

than above-mentioned 80�100 per meg. This is probably

due to the large gas velocity of 6.6m s�1 at the air intake

we use in our instrument. Therefore, the effect of the

inlet fractionation on the average diurnal d(O2/N2) cycle

has been estimated to be within about 1 per meg. However,

the diurnal d(Ar/N2) cycle at Tsukuba is somewhat larger

than that of 1 per meg observed at La Jolla (338N, 1178W),

USA using an aspirated air intake (Blaine et al., 2006).

As seen in Fig. 10, d(O2/N2) and CO2 vary in opposite

phase, each characterised by a large number of spikes with

low (high) d(O2/N2) (CO2 concentration) values. We also

note discernable seasonal cycles of d(O2/N2) and CO2,

as indicated by the best-fitted curves. Seasonal maximum

and minimum (minimum and maximum) of d(O2/N2) (CO2

concentration) appear in late July and early March,

respectively, with peak-to-peak seasonal amplitudes of the

d(O2/N2) and CO2 cycles of about 130 per meg and 14 ppm,

respectively, which are close to 128922 per meg and

13.992.5 ppm, respectively, observed in the suburbs of

Sendai (388N, 1408E), Japan, located about 300 km north

of Tsukuba (Ishidoya et al., 2012b).

Figure 11 shows a relationship between Dd(O2/N2)

and DCO2 shown in Fig. 10 and its temporal variation.

Fig. 9. Location of the city of Tsukuba, Japan.
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Dd(O2/N2) denotes the difference between the observed

d(O2/N2) values and their best-fitted curve shown in Fig. 10;

DCO2 denotes the same difference but for CO2. The -O2:CO2

exchange ratios for terrestrial biospheric activities and the

combustion of liquid fuels have been estimated to be 1.1

and 1.44 ppm ppm�1, respectively (Severinghaus, 1995;

Keeling, 1988). It is noted that 4.8 per meg of d(O2/N2) is

equivalent to 1 ppm since O2 constitutes 20.946% of air by

volume. It is seen from Fig. 11 that the relationships for

periods November�March and May�September are close

to those expected from liquid fuel combustion and terres-

trial biospheric activities, respectively. The summertime

(May�September) and wintertime (November�March)

average -O2:CO2 exchange ratios are calculated to be 1.24

and 1.43, respectively, from the best-fitted lines. This is

consistent with the summertime enhancement of terrestrial

biospheric activities and the year-round oil-consumption

due to human activities around Tsukuba. Similar seasonal

differences in the relationship between d(O2/N2) and CO2

have also been observed in the suburbs of Sendai (Goto

et al., 2013).

In Fig. 12, the observed values of d(O2/N2), CO2 and

APO during March 1�4 and August 2�5, 2012 are shown

(red dots). The values corrected for the fractionation,

estimated from the variation in the simultaneously mea-

sured Dd(Ar/N2), and for the thermal diffusion factors’

ratio of d(Ar/N2)/d(O2/N2), are also given (black dots).

Here, Dd(Ar/N2) means the difference between the mea-

sured d(Ar/N2) and the calculated 4-d averaged d(Ar/N2)

for each of the observational periods. APO in this study is

defined by:

APO ¼ d O2=N2ð Þ þ 1:1� 1=0:20946ð Þ
� CO2½ � � 2000 ðper megÞ:

(9)

Here, [CO2] is the CO2 concentration in ppm, 1.1 is the

-O2:CO2 exchange ratio for the terrestrial biospheric

activities (Severinghaus, 1995), 0.20946 is the mole fraction

of O2 in the atmosphere (Machta and Hughes, 1970) and

2000 is an arbitrary APO reference point. It should be

noted that APO defined by eq. (9) is also influenced

by fossil fuel combustion and cement production processes

in particular for the urban areas, since their -O2:CO2

exchange ratios (1.17 for solid fuels, 1.44 for liquid fuels,

1.95 for gaseous fuels and 0 for cement production)

(Keeling, 1988; Steinbach et al., 2011) are different from

that for the terrestrial biospheric activities.

As seen in Fig. 12, both the observed and corrected d(O2/

N2) vary in opposite phase with that of the CO2 concentra-

tion. Moreover, short-term irregular fluctuations of the

observed d(O2/N2) and APO are much reduced in the

corrected values. Such irregular fluctuations are occasion-

ally seen in our continuous measurements of the atmosphere

but never in the analyses of the standard air. We have also

found, during these irregular fluctuations, that the relation-

ship between d(Ar/N2) and the simultaneously measured

stable isotopic ratios of N2 (not shown) is consistent with

that expected from the fractionations due to the thermal

diffusion effect (Keeling et al., 2004; Ishidoya et al., 2013).

The causes of the irregular fluctuations of the measured

Fig. 10. Observational results of the atmospheric d(O2/N2) and

CO2 concentration at Tsukuba, Japan. The best-fitted curves

consisting of two-harmonics and a linear trend to the daily

maximum (minimum) values of the d(O2/N2) (CO2 concentration)

are also shown.

Fig. 11. Relationship between the d(O2/N2) and the CO2

concentration shown in Fig. 10. Dd(O2/N2) (DCO2) is the

difference between the observed d(O2/N2) (CO2) values and their

best-fitted curve shown in Fig. 10. Colour bar denotes observation

months. Dashed and solid black lines denote -O2: CO2 exchange

ratio expected from the terrestrial biospheric activities and the

combustion of oil and other liquid fuels, respectively.
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values have not been specified yet, but they might be related

to the slight temperature fluctuations in the sample air

accompanied by the pressure fluctuations in the ECU and/

or cold trap due to the fluctuation of the drain flow of the

ECU. The irregular fluctuations could also be due to the

short-term variations in the inlet fractionation, although

the effects of the inlet fractionation on the average diurnal

cycle of d(O2/N2) and d(Ar/N2) have been determined to

be small, as described above. Therefore, some kind of an

artificial thermal fractionation in the inlet system is super-

imposed on the measured values of the sample air, and it is

important to correct the d(O2/N2) values by usingDd(Ar/N2)

for any detailed discussion about their real short-term

variations.

3.2. Seasonal cycles of APO and d(Ar/N2)

It has been reported that the seasonal APO cycle is generated

by three different ocean processes: (1) thermal in- and out-

gassing, (2) net community production (NCP) in the mixed

layer, and (3) ventilation of deep water (e.g. Keeling et al.,

1993; Nevison et al., 2012). Because the atmospheric

d(Ar/N2) variation is caused mainly by the thermally driven

air�sea Ar and N2 fluxes, the thermal components of

the seasonal APO cycle can be estimated from the simul-

taneously measured seasonal d(Ar/N2) cycle (e.g. Battle

et al., 2003; Blaine, 2005).

Figure 13 shows APO values at Tsukuba calculated from

the d(O2/N2) and CO2 concentration measurements shown

in Fig. 10. A curve, consisting of two-harmonics and

a linear trend, best fitted to the maximum values of APO

for the successive 24-hours periods is also shown in the

figure. We see many spike-like, short-term variations in

APO, since we also see similar fluctuations in d(O2/N2) and

CO2. As described above, the summertime and wintertime

average -O2:CO2 exchange ratios at Tsukuba are found

to be 1.24 and 1.43, respectively. Therefore, these larger

-O2:CO2 exchange ratios (larger than 1.1) for a terrestrial

biospheric source are observed throughout the year, which

means most of the short-term variations with low APO

seen in Fig. 13 would be mainly attributable to the liquid

fuel combustion around Tsukuba.

As delineated more clearly by the best-fitted curve in Fig.

13, the APO values observed at Tsukuba show a distinct

seasonal cycle nearly in phase with the seasonal d(O2/N2)

cycle. A seasonal maximum (minimum) of APO appears in

July (March), with a peak-to-peak seasonal amplitude

of about 58 per meg. This is consistent with the seasonal

APO cycle observed at Sendai (Ishidoya et al., 2012b).

As described above, not only the air�sea O2 and N2 fluxes

but also various industrial processes could influence APO

as defined by eq. (9). In this connection, Sirignano et al.

(2010) reported a new tracer APO*, defined by replacing

the value of 1.1 in eq. (9) by a value determined by [1.1�
f*(f*�1.1)], to include the influence of fossil fuel. Here,

f* is the fraction of the atmospheric CO2 concentra-

tion originating from industrial processes and f* is the

-O2:CO2 exchange ratios for the fuel and cement produc-

tion processes characteristic of a given region. The curve-

fitting analysis used in Fig. 13 would be useful to reduce the

short-term (intra to inter diurnal) influence of the industrial

processes on the seasonal APO cycle, however, cannot

exclude the influence of the seasonal variability of f* and

f*. Therefore, it is noted that the seasonal APO cycle

at Tsukuba reported in this study could be influenced by

the seasonal variability of the industrial processes to some

extent.

Fig. 12. d(O2/N2), CO2 concentration and APO observed at

Tsukuba, Japan on March 1�4 (a) and August 2�5 (b), 2012, after

(black dots) and before (red dots) correcting for the fractionation

due to thermal diffusion using the simultaneously observed d(Ar/

N2) values (see text).
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Figure 14 shows 24-hour running means of atmospheric

d(Ar/N2) observed at Tsukuba using our continuous mea-

surement system. The best-fitted curve to the data consisting

of two-harmonics and a linear trend is also shown. In order

to examine the seasonal cycle of d(Ar/N2), those data points

with deviations greater than 960 per meg from 2-week

running mean values are regarded as short-term irregular

fluctuations and are excluded from the analyses (about 3%

of the total data points are excluded). The standard deviation

of the observed 24-hour running mean values from the best-

fitted curve is calculated to be 97.1 per meg (91s) (grey
shade in Fig. 14). As seen from Fig. 14, a seasonal maximum

(minimum) of d(Ar/N2) appears in August/September

(January), with a peak-to-peak seasonal amplitude of about

16 permeg.Atmospheric d(Ar/N2) is expected to be higher in

the summer than in thewinter because of the greater seasonal

solubility change of Ar than N2 in the seawater (Battle et al.,

2003). Mean sea surface temperatures (SST) around Japan

(31�418N, 130�1508E) obtained from the NCEPNOMADS

Meteorological Data Server (http://nomad2.ncep.noaa.

gov/ncep_data/index.html) (Reynolds et al., 2007) are also

plotted in Fig. 14. As expected, the seasonal variation in the

SST is almost in phase with the observed seasonal d(Ar/N2)

cycle.

Although our observation of the seasonal d(Ar/N2) cycle

is the first in Asia, it has also been observed at 13 stations

in both hemispheres (Battle et al., 2003; Keeling et al.,

2004; Blaine, 2005; Cassar et al., 2008). The peak-to-peak

amplitudes of the seasonal d(Ar/N2) cycle observed in this

study and those in past studies are summarised in Table 1.

The seasonal d(Ar/N2) amplitude of 16 per meg observed

at Tsukuba falls within the range of amplitudes reported

in past studies, but is slightly larger than that at La Jolla

located in the similar latitudinal zone. The difference

between Tsukuba and La Jolla may be related to the larger

seasonal amplitude of the air�sea heat flux around Japan

than that off the west coast of the USA (Fig. 5.4 in Blaine,

2005).

As reported in past studies (Battle et al., 2003; Blaine,

2005), the seasonal APO cycle generated by the air�sea
heat flux can be approximated by multiplying the d(Ar/N2)

cycle by 0.84 derived from the solubility ratio of O2 and

Ar (Weiss, 1970) under the assumption of instantaneous

air�sea exchanges of O2, N2 and Ar. The seasonal com-

ponent of APO driven by the air�sea heat flux is also

shown in Fig. 14. The seasonal component of the total

APO obtained from the best-fitted curve shown in Fig. 13

and the APO component driven by marine biology and

circulation ventilation, simply obtained by subtracting

the air�sea heat flux component from the total APO, are

also shown in Fig. 14. In this analysis, the effect of

industrial processes on the best-fitted curve for the total

APO is ignored. Such simplification could cause a

significant uncertainty in the estimated biological compo-

nent of APO, if the f* and f* values around Tsukuba were

to change seasonally, as was the case with the f* value

in Netherlands reported by Sirignano et al. (2010). Never-

theless, if we calculate using the fitted curve shown in

Fig. 14, the seasonal APO cycle driven by the air�sea
heat flux accounts for 23% of the total APO cycle at

Tsukuba. This fraction falls within the range of 10�34%
reported by past studies (e.g. Battle et al., 2003; Blaine,

2005). It is also seen from Fig. 14 that the seasonal

maximum of the APO cycle driven by marine biology

and ventilation appears about 1 month earlier than that of

the APO cycle driven by the air�sea heat flux. This can be

attributed to the spring bloom in the sea around Japan

(Yamagishi et al., 2008), which appears earlier than the

seasonal SST maximum.

4. Summary

We have developed a precise continuous measurement

system for observing atmospheric d(O2/N2) and d(Ar/N2)

using a mass spectrometry method. Sample and reference

air-flow through the inlet system, and only a minuscule

amount of each is transferred to the ion source of the

mass spectrometer through thermally insulated fused-silica

capillaries. The biased measurements of d(O2/N2), d(Ar/N2)

and d(CO2/N2) due to the pressure difference between

the sample and reference air during the introduction into

the mass spectrometer, the dependence of the measured

d(O2/N2) and d(Ar/N2) values on CO2 concentration,

and the dependence of the measured d(Ar/N2) values on

Fig. 13. Observational results of APO at Tsukuba, Japan. The

best-fitted curve consisting of two-harmonics and a linear trend to

the daily maximum values is also shown.
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d(O2/N2) are corrected by using experimentally determined

relationships.

d(CO2/N2) measured by the mass spectrometer is con-

verted to CO2 concentration determined by a NDIR using

an experimentally determined relationship, and the mea-

surement precision of the CO2 concentration is estimated to

be better than 90.3 ppm. The primary and the working

standard gases for d(O2/N2) and d(Ar/N2) are prepared by

drying natural air and then storing them in 48-L high-

pressure cylinders. The standard deviations of d(O2/N2),

d(Ar/N2) and CO2 are 93.2 per meg, 96.5 per meg and

90.02 ppm (91s), respectively, for a time-resolution of 62

seconds (1 cycle measurement) for analyses. Through

comparisons of the working standard air with the primary

standard air, we have found the stability of our standard

air to be 91.1 and 95.8 per meg for d(O2/N2) and d(Ar/

N2), respectively, over a period of 11 months.

Using our new instrument, we have started continuous

observations of atmospheric d(O2/N2), d(Ar/N2) and CO2

at Tsukuba, Japan in February 2012. The observed

atmospheric d(O2/N2) and CO2 vary with opposite phase.

For short-term variations of several hours or days, the

summertime and wintertime -O2:CO2 exchange ratios are

found to be consistent with those expected from terrestrial

biospheric activities and liquid fossil fuel combustion,

respectively. The observed APO, calculated from d(O2/N2)

and CO2, shows a clear seasonal cycle with a peak-to-peak

amplitude of 58 per meg, characterised by a maximum and

a minimum in July and March, respectively. d(Ar/N2) also

shows a significant seasonal cycle with a maximum in

August/September and a minimum in January, with a peak-

to-peak amplitude of 16 per meg. If we ignore the fossil fuel

influence on the observed seasonal APO cycle, then the

contribution of the seasonal change in the air�sea heat flux

to the seasonal APO cycle is estimated to be 23%, as

determined from the observed seasonal d(Ar/N2) cycle.

In order to contribute to a better understanding of the

global carbon cycle and the air�sea heat flux, we will carry

out long-term continuous measurements of atmospheric

d(O2/N2), d(Ar/N2) and CO2. To estimate the biological

component of APO more precisely from the seasonal cycles

of APO and d(Ar/N2), an evaluation of the fossil fuel

influence on the APO measurement is also important.

Fig. 14. 24-hour running mean values of the d(Ar/N2) observed

at Tsukuba, Japan. The best-fitted curve consisting of two-

harmonics and a linear trend to the data is also shown, and the

shade around the fitted curve represents standard deviation of the

observational data from the fitted curve (top). Sea surface

temperature (SST) around Japan from NCEP NOMADS

Meteorological Data Server (middle). Seasonal components of

total APO, the APO driven by air�sea heat flux, and ocean biology

and ventilation estimated from the observed APO and d(Ar/N2)

(see text; bottom).

Table 1. Amplitudes of the seasonal d(Ar/N2) cycle reported in this study, Keeling et al. (2004) and Cassar et al. (2008)

Site

Alert,

Canada

(828N, 638W)

Barrow,

Alaska

(718N, 1578W)

Cold Bay,

Alaska

(558N, 1638E)

Tsukuba,

Japan

(368N, 1408E)

La Jolla,

U.S.A.

(338N, 1178W)

Mauna Loa,

Hawaii

(208N, 1568W)

Kumukahi,

Hawaii

(208N, 1558W)

Seasonal cycle

amplitude

19 14 13 16 10 6 14

Site American

Samoa

(148S, 1718W)

Amsterdam

Island

(388S, 788E)

Cape Grim,

Tasmania

(418S, 1458E)

Macquarie

Island

(558S, 1598E)

Palmer

Station,

Antarctica

(658S, 648W)

Syowa,

Antarctica

(698S, 408E)

South Pole,

Antarctica

(908S, 258W)

Seasonal cycle

amplitude

9, 9 21 8, 13 26 16 21 9

Values from this study and Cassar et al. (2008) are represented by bold and italic, respectively.
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