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Abstract. Accurate determination of atmospheric Ar/N2 ratios requires primary standard gases with well-characterized 

uncertainties. However, an initial preparation approach based on the transfer of premixed gases introduced systematic deviations 

caused by transfer-induced composition changes, which limited the achievable accuracy. In this study, we developed an improved 15 

gravimetric preparation method for highly precise Ar standards (HPAs), in which CO2, Ar, O2, and N2 are introduced independently 

from source gases. This approach eliminates transfer-induced compositional changes and allows the Ar amount to be determined 

directly with high precision. The resulting uncertainty in Ar/N2 was reduced to approximately 5 per meg, corresponding to an Ar 

molar fraction of 0.05 µmol mol−1. Validation confirmed that the gravimetric and measured values for CO2, O2/N2, and Ar/N2 

agreed within their uncertainties. Using the validated HPAs, the absolute Ar/N2 ratio of the AIST reference air was redetermined 20 

as 0.01195567 ± 0.000000011, a 8-fold reduction in uncertainty relative to the previous value. Application to atmospheric 

observations yielded an absolute Ar/N2 ratio of 0.01195497 ± 0.00000013 and an Ar mole fraction of 9335.71 ± 0.10 µmol mol−1 

in 2021. The numbers following the symbol ± represent the standard uncertainty. These results establish a metrologically traceable 

framework for high-precision atmospheric Ar measurements. 

1 Introduction 25 

The ocean plays a major role in regulating Earth’s climate (Schuckmann et al., 2020 and 2023), absorbing and storing 

approximately 90 % of the excess heat that accumulates in the Earth system from greenhouse gas forcing (Rhein et al., 2013). This 

excess heat can be estimated from ocean heat content (OHC; Abraham et al., 2013), which is derived from ocean temperature 

measurements obtained by Argo floats (e.g., Cheng et al., 2019). Although substantial advances have been made, continuing efforts 

to expand deep-ocean coverage and reduce regional sampling biases are steadily improving the reliability of long-term OHC trend 30 

estimates. 

The atmospheric Ar/N2 ratio is a unique tracer for detecting changes in spatiotemporally integrated air–sea heat fluxes and ocean 

heat content. Variations in the Ar/N2 ratio at the Earth’s surface are driven by air–sea Ar and N2 fluxes that reflect changes in gas 

solubility in seawater (e.g., Keeling et al., 2004). Integrated atmospheric Ar/N2 ratios increase primarily because ocean warming 

reduces the solubility of Ar and N2, with a larger relative response for Ar. The long-term trend in the atmospheric Ar/N2 ratio can 35 

therefore provide an independent constraint on OHC estimates derived from ocean observations. To date, however, this trend has 

been reported only by Ishidoya et al. (2021), owing to the difficulty of achieving sufficient measurement accuracy, although several 
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studies have documented seasonal variations (Keeling et al., 2004; Blaine, 2005; Cassar et al., 2008; Ishidoya and Murayama, 

2014). 

At present, the application of atmospheric Ar/N2 observations to OHC estimation is limited by the absence of highly precise Ar 40 

standard mixtures (HPAs) that can provide a common, metrologically traceable calibration scale. Hereafter, HPA refers to a 

standard gas mixture whose component molar fractions and associated uncertainties are well-defined and sufficiently small for 

atmospheric Ar/N2 observation. As a result, individual laboratories have calibrated their measured Ar/N2 values against their own 

reference air, whose absolute Ar/N2 ratios are generally not known with sufficient uncertainty. The relative stability of the reference 

air can be evaluated through intercomparison with other air mixtures within a laboratory (e.g., Keeling et al., 2004; Ishidoya and 45 

Murayama, 2014), but its absolute stability cannot be verified. Furthermore, without HPAs, atmospheric Ar/N2 observations can 

be expressed only on arbitrary scales, which prevents direct determination of absolute atmospheric Ar/N2 ratios and limits 

comparability among observation networks. This limitation is particularly critical for OHC studies because the expected 

atmospheric variation is extremely small. Establishing a preparation method for HPAs with well-defined absolute Ar/N2 ratios is 

therefore essential for improving the traceability, comparability, and long-term stability of atmospheric Ar/N2 observations.  50 

In a previous study, we developed highly precise O2 standard mixtures (HPOs) containing N2, O2, Ar, and CO2, with standard 

uncertainties of approximately 0.7 μmol mol−1 for Ar and 0.8 μmol mol−1 for N2 (Aoki et al., 2019). These mixtures represented 

the most precise Ar/N2 ratio reported to date. However, the corresponding uncertainty in the Ar/N2 ratio was an order of magnitude 

larger than the analytical uncertainty of atmospheric Ar/N2 measurements (Ishidoya et al., 2021; Keeling et al., 2004). The 

uncertainty of the standard mixture, rather than that of the analytical system, therefore became the dominant limitation on 55 

calibration accuracy. This uncertainty originated mainly from the gravimetric determination of the Ar amount introduced into the 

mixtures. Establishing a calibration scale suitable for long-term atmospheric Ar/N2 observations therefore requires a substantial 

reduction in the uncertainty of the Ar molar fraction. 

In this study, we address this limitation by developing a gravimetric preparation method designed specifically to improve the 

determination of the absolute Ar amount in HPAs. The resulting HPAs provide well-characterized absolute Ar/N2 ratios with 60 

substantially improved uncertainty relative to previous standards. The molar fractions of the components in the HPAs were 

validated through measurements of the Ar/N2, O2/N2, and CO2 molar fractions. The HPAs were then applied to determine 

atmospheric Ar/N2 ratios and Ar molar fractions in air samples. This study therefore establishes a metrologically traceable 

calibration framework for atmospheric Ar/N2 observations, enabling the determination of absolute atmospheric Ar/N2 ratios and 

providing a basis for improved long-term constraints on ocean heat uptake. 65 

2 Materials and Methods 

2.1 Preparation procedure 

A total of eight HPAs were prepared by sequentially introducing pure CO2, Ar, O2, and N2, in that order, into a 10 L aluminum 

alloy cylinder (Luxfer Gas Cylinders, UK). The cylinder was equipped with diaphragm valves (G-55, Hamai Industries Limited, 

Japan) sealed with poly(chlorotrifluoroethylene) (PCTFE). Preparation followed the procedure illustrated in Fig. 1 and was carried 70 

out in accordance with ISO 6142-1:2015. In this procedure, 0.9 L aluminum alloy cylinders, each fitted with a diaphragm valve 

connected by threaded fittings for Scotty transportable gas (SCOTTY 110, Air Liquide America Specialty Gases LLC), were used 

to accurately determine the masses of pure CO2 and pure Ar transferred into the 10 L cylinder. First, using the filling system 

illustrated in Fig. 2(a), separate 0.9 L cylinders that had been evacuated to approximately 5.0 × 10−5 Pa were filled with pure CO2 

to 0.04 MPa and pure Ar to 1 MPa. The 10 L cylinder was evacuated to approximately 2.0 × 10−4 Pa with a turbomolecular pump 75 
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and weighed before filling. Using the transfer system illustrated in Fig. 2(b), pure CO2 was then transferred from its 0.9 L cylinder 

into the 10 L cylinder, followed by pure Ar. Pure O2 was introduced next, and the 10 L cylinder was weighed again. Finally, pure 

N2 was added, and the cylinder was weighed once more.  

The transferred and filled masses of CO2, Ar, O2, and N2 were determined gravimetrically from the cylinder mass differences 

measured before and after each transfer or filling step. For CO2 and Ar, the transferred masses, 𝑚CO2
 and  𝑚Ar, were obtained 80 

from the mass loss of the 0.9 L cylinders. For O2 and N2, the filled masses, 𝑚O2
and 𝑚N2

, were determined from the mass increase 

of the 10 L sample cylinder. 

 

𝑚CO2
= 𝑚0.9 L,   before CO2 transfer − 𝑚0.9 L,   after CO2 transfer                                                                                     (1) 

𝑚Ar = 𝑚0.9 L,   before Ar transfer − 𝑚0.9 L,after Ar transfer                                                                                          (2) 85 

𝑚O2
= 𝑚10 L,   after O2 filling − 𝑚10 L,   vacuum − (𝑚Ar + 𝑚CO2

)                                                                          (3) 

𝑚N2
= 𝑚10 L,after N2 filling − 𝑚10 L,   after O2 filling                                                                                                        (4) 

 

Here 𝑚0.9 L,   before transfer and 𝑚0.9 L,   after transfer denote the masses of the 0.9 L sample cylinder immediately before and after 

transfer of the target gas to the 10 L sample cylinder, respectively. Likewise, 𝑚10 L,   vacuum , 𝑚10 L,   afterafter O2 filling , and 90 

𝑚10 L,   afterafter N2 filling denote the masses of the 10 L sample cylinder in vacuum and the masses of the 10 L sample cylinder 

immediately after O2 and N2 filling steps, respectively. The standard uncertainty associated with each mass was obtained by 

combining the uncertainties of the individual values.  

CO2 and Ar remaining in the piping after transfer were driven into the 10 L cylinder by repeated pressurization–expansion cycles 

using pure O2, as illustrated in Fig. 2(b). This flushing procedure was performed 100 times for CO2 and 200 times for Ar. Based 95 

on the dilution factor of a single cycle, the residual fraction after these cycles was estimated to be negligible relative to the 

transferred amount. Pure O2 and pure N2 were filled into the 10 L cylinders using the same procedure reported previously for a 

 

 

Figure 1. Preparation procedure for the highly precise Ar standard mixtures (HPAs). 
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HPO (Aoki et al., 2019). The final pressure in the 10 L cylinder was approximately 9 MPa. Typical masses of the individual source 

gases were approximately 0.7 g for CO2, 14 g for Ar, 250 g for O2, and 800 g for N2. 

 2.2 Source gases and impurity analysis 100 

Pure CO2 (>99.998 %, Nippon Ekitan Corporation, Japan), pure Ar (G1 grade, 99.9999 %, Japan Fine Products, Japan), pure O2 

(G1 grade, 99.99995 %, Japan Fine Products, Japan), and pure N2 (G1 grade, 99.99995 %, Japan Fine Products, Japan) were used 

as source gases for preparation of the HPAs. Impurities in the source gases were identified and quantified using several analytical 

techniques. The molar fractions of the impurities N2, O2, CH4, and H2 in pure CO2, Ar in pure N2, and N2 in pure O2 were determined 

by gas chromatography–thermal conductivity detection (GC–TCD). A Fourier transform infrared spectrometer was used to detect 105 

impurity CO2, CH4, and CO in pure N2, O2, and Ar. Impurity O2 in pure N2 and Ar was quantified using a galvanic-cell-type O2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Schematic of the filling system for (a) filling pure CO2 and pure Ar into a 0.9 L cylinder and (b) transferring pure CO2 

and pure Ar from the 0.9 L cylinder into a 10 L cylinder. 

 

 

Filling procedure 

1. Open V1 or V2, then open V4 and V7, and 

close the other valves. 

2. Open V3 and evacuate the piping. 

3. Close V3 and pressurize the piping with pure 

Ar or CO2. 

4. Open V3 and evacuate the piping. 

5. Repeat the pressurization–evacuation cycle 

three times to condition the system. 

6. Close V3 and pressurize the piping again with 

Ar or CO2. 

7. Open the valve of the 0.9 L cylinder, allowing 

the gas to expand into the 0.9 L cylinder. 

8. Close the valve of the 0.9 L cylinder after 

filling. 

Transfer procedure 

1. Open V1, V7, V8, and V9, close the other 

valves, and open V3 to evacuate the piping. 

2. Close V3 and pressurize the piping with O2. 

3. Open V3 and evacuate the piping. 

4. Repeat the pressurization–evacuation cycle 

three times. 

5. Close V3 and V9, then open the valves of the 

0.9 L and 10 L cylinders (via V1) to transfer 

Ar or CO2 into the 0.9 L cylinder. 

6. Close the valves of both cylinders after 

transfer.  

7. Open V9, then pressurize the piping with O2, 

and immediately close V9. 

8. Open the valve of the 10 L cylinder to allow 

O2 to expand into the cylinder and then close 

the valve. 

9. Repeat the pressurization–expansion cycle as 

required to ensure transfer of any residual gas. 

(b) Transfer from 0.9L cylinder into 10L cylinder 

(a) Filling CO2 and Ar into a 0.9L cylinder 
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analyzer. Impurity water (H2O) in pure CO2 was measured with a capacitance-type moisture meter, whereas H2O in pure N2, O2, 

and Ar was measured using a cavity ring-down-spectrometer-based moisture analyzer. 

2.3 Weighing procedure 

The 0.9 L cylinders were weighed using a custom-built weighing system, and the 10 L cylinder was weighed using the system 110 

developed by Matsumoto et al. (2004). In this study, a cylinder whose mass was measured is hereafter referred to as a “sample 

cylinder.” Each sample cylinder was weighed relative to an almost identical reference cylinder to minimize the effects of mass 

comparator drift, sensitivity variations, buoyancy changes, and surface adsorption of water vapor (Alink et al., 2000; Milton et al., 

2011). The mass difference between the sample and reference cylinders was used as the mass reading. 

2.3.1 Weighing of a 0.9 L cylinder 115 

The custom-built weighing system consists of a mass comparator (AX2005, Mettler Toledo, Switzerland) and an automated 

cylinder transfer device, as shown in Fig. 3. The mass comparator had a maximum capacity of 2.1 kg, a sensitivity of 0.01 mg, and 

a linearity of 0.04 mg. The transfer device comprised two compact actuators (SKR3306B and SKR2602B, THK Co., Ltd., Japan), 

a ball spline bearing with a rolling guide (LBG20, THK Co., Ltd., Japan), two stepper motors (ARM46, Oriental Motor Co., Ltd., 

Japan), an aluminum arm (Fujikin Incorporated, Japan), and two cylinder holders (Fujikin Incorporated, Japan). The entire 120 

weighing system was enclosed within an acrylic draft shield to minimize the influence of ambient air convection, and the stepper 

motors were positioned outside the enclosure to further reduce thermal disturbances. 

 

Figure 3. Schematic of the weighing system used to determine the masses of pure Ar and pure CO2 to be filled: (a) sample 

cylinder, (b) reference cylinder, (c) linear actuator for vertical transfer, (d) Al-base arm, (e) Al-base cylinder holder, (f) motor, 

(g) ball spline, (h) linear actuator for horizontal transfer, (i) electronic mass comparator, (j) gearbox, (k) windshield panel, and 

(l) windshield panel. 

 

 

 

 

 

 

 

Exchange of reference 

and sample cylinder 

 

Weighing of a sample 

cylinder 

 

Weighing of a reference 

cylinder 

 

Removal of a reference 

cylinder 
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All mass measurements were performed in a temperature- and humidity-controlled room maintained at 25 ± 0.5°C and 50 ± 1 %, 

respectively. The ambient temperature and humidity in the acrylic draft shield were continuously monitored using a USB-

connected data logger (TR-73, T&D Corporation, Japan), and atmospheric pressure was measured using a pressure sensor (Druck 125 

RPS DPS 8100 TERPS Pressure Sensor, Baker Hughes Company, USA). Mass measurements followed an ABBA sequence 

(reference–sample–sample–reference), where “A” and “B” represent the reference and sample cylinders, respectively. Loading 

and unloading of the cylinders were fully automated, and one complete ABBA cycle required approximately 6 min. The mass 

reading, obtained from the mass comparator readings within each ABBA cycle, was used to determine the relative mass of the 

sample cylinder. 130 

The masses of pure CO2 and Ar were then determined from the difference in the mass readings before and after gas transfer.  

 2.3.2 Weighing of a 10 L cylinder 

This weighing system consists of a mass comparator (XP26003L, Mettler Toledo, Switzerland) and an automated cylinder transfer 

device. The comparator had a maximum capacity of 26.1 kg, a sensitivity of 1 mg, and a linearity of 20 mg. All mass measurements 

were conducted in the same weighing room described in Section 2.3.1, and ambient temperature, humidity, and atmospheric 135 

pressure were continuously monitored using the TR-73 data logger. 

Detailed procedures for weighing the 10 L cylinders have been described elsewhere (Aoki et al., 2019) and are therefore only 

briefly summarized here. The sample cylinder was weighed relative to an almost identical reference cylinder in an ABBA sequence. 

Measurements began once the temperature difference between the sample and reference cylinders, checked with a thermocouple 

thermometer, had become negligible. 140 

2.3.3 Determination of cylinder volume expansion 

Pressure-dependent cylinder expansion was evaluated because changes in cylinder volume affect the buoyancy correction applied 

to mass measurements. Consequently, cylinder expansion contributes to the uncertainty of the Ar molar fraction. The volume 

expansion of the 0.9 L and 10 L cylinders under internal pressure was determined by measuring changes in water volume during 

controlled depressurization using the method described by Oh et al. (2013). The experimental setup is illustrated schematically in 145 

Fig. 4. The results are presented in the section 4.1.2. 

Each test cylinder was filled with pure N2 and pressurized to 12 MPa. The cylinder was then placed in a water bath filled completely 

with deionized water, leaving no headspace. The water bath for the 0.9 L cylinder was made of acrylic resin (volume: approximately 

8.8 dm3; radius: 7.5 cm; height: 50 cm), whereas that for the 10 L cylinder was constructed from stainless steel (volume: 

approximately 61 dm3; radius: 15.5 cm; height: 81 cm). The cylinder was connected to a vent line through stainless-steel tubing 150 

with an inner diameter of 1.59 mm, and a vertical volumetric pipette was mounted at the top of the bath to monitor water 

displacement. Pipettes with capacities of 2 mL and 25 mL (custom A, 2ML and 25ML, SIBATA SCIENTIFIC TECHNOLOGY 

LTD., Japan) were used for the 0.9 L and 10 L cylinders, respectively. The initial water level was set to an arbitrarily determined 

reference zero position, and the external volume change of the cylinder was assumed to equal the displaced water volume measured 

in the pipette. 155 

After thermal equilibrium was established, the internal gas pressure in the cylinder was gradually reduced by venting gas through 

the regulator. During depressurization, changes in the water level in the volumetric pipette were recorded at pressure intervals of 
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2 MPa. The change in water volume associated with depressurization was used to quantify the pressure-dependent expansion of 

the cylinder.  

The internal gas pressure was monitored using a pressure transducer (PPA-33X, KELLER AG, Switzerland) and a digital indicator 160 

(EV-120, KELLER AG, Switzerland). Water temperature was measured simultaneously using a platinum resistance thermometer 

(Pt100, Chino Corporation, Japan).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Experimental setup and results of indirect measurements of changes in external cylinder volume for (a) a 10 L 

aluminum cylinder and (b) a 0.9 L aluminum cylinder during continuous gas release from 12 MPa to 0.1 MPa.  

 

 

 

 

 

(a) 10L cylinder 

(b) 0.9 L cylinder 
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2.4 Determination of molar masses of Ar, O2, and N2  

The molar fractions of the constituents in each HPA were calculated from the amount of substance of each source gas. Accurate 

determination of this amount in the 10 L cylinder requires knowledge of both the filling mass and the molar mass of the respective 165 

source gas, and the molar masses were calculated from the isotopic composition of the source gases.  

The isotopic compositions of Ar, O2, and N2 may vary among the HPAs and were therefore determined by measuring the isotope 

ratios of Ar, O2, and N2 in the HPAs. Because the HPAs were prepared by directly mixing source gases from one cylinder of pure 

Ar, one cylinder of pure O2, and three or four cylinders of pure N2, the isotopic compositions of the source gases were assumed to 

correspond to those of the components in the HPAs. The isotopic composition of the source gases can therefore be inferred from 170 

the measured isotope ratios. 

Because the analytical procedures for the O2 and N2 isotope ratios were identical to those described previously (Aoki et al., 2019), 

only the procedure for Ar is summarized here. The isotopic abundances of 36Ar, 38Ar, and 40Ar in the source gases were inferred 

from isotope ratio measurements of the HPAs. The 36Ar/40Ar ratio was calculated as 36Ar/40Ar = [δ(36Ar/40Ar) + 1] × (36Ar/40Ar)ref, 

where the δ(36Ar/40Ar) values were determined using a stable isotope ratio mass spectrometer (Delta V, Thermo Fisher Scientific, 175 

USA). This value represents the deviation from the atmospheric reference composition, as natural air was used as the reference 

material (Ishidoya and Murayama, 2014). The 38Ar isotope could not be measured directly by the mass spectrometer; therefore, 

the 38Ar abundance was assumed to equal the atmospheric value (0.0006289; Böhlke, 2014). The associated standard uncertainty 

was conservatively estimated from the deviation of the 36Ar/40Ar ratio from the atmospheric value observed in pure Ar, because 

the 36Ar/40Ar ratio is more sensitive to isotopic variations than the 38Ar/40Ar ratio.  180 

2.5 Analytical validations 

2.5.1 Ar/N2 and O2/N2 ratios 

The Ar/N2 and O2/N2 ratios in the HPAs were measured using a newly introduced stable isotope mass spectrometer (Delta Q, 

Thermo Fisher Scientific, USA) and the conventional stable isotope ratio mass spectrometer (Delta V, Thermo Fisher Scientific, 

USA) used in our previous study. The measurement procedure for the conventional mass spectrometer has been described 185 

elsewhere (Ishidoya and Murayama, 2014). The procedure for the new mass spectrometer will be reported elsewhere, but the 

method used to measure the standard gases is, in principle, the same as that for the conventional mass spectrometer.  

Atmospheric Ar/N2 and O2/N2 ratios are commonly expressed relative to an arbitrary reference gas in per meg units (Keeling and 

Shertz, 1992; Keeling et al., 2004). 

 190 

δ(Ar/N2)  = ( 
[𝑛(Ar)/𝑛(N2)]sam

[𝑛(Ar)/𝑛(N2)]ref
− 1) × 106     (5) 

δ(O2/N2)  =  (
[𝑛(O2)/𝑛(N2)]sam

[𝑛(O2)/𝑛(N2)]ref
− 1) × 106     (6) 

 

 

Here, n denotes the amount of each substance, and the subscripts “sam” and “ref” refer to sample air and reference air, respectively. 195 

Because the atmospheric molar fractions of O2 and Ar are 209339 μmol mol−1 and 9334 μmol mol−1, respectively (Aoki et al., 

2019), 5 per meg of δ(O2/N2) and δ(Ar/N2) corresponds to 1 μmol mol−1 and 0.05 μmol mol−1, respectively. In this study, AIST 

reference air was used as the reference gas, and all values reported on the EMRI/AIST scale are referenced to this air. 
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The mass spectrometers were configured to simultaneously measure ion beam currents at mass-to-charge ratios of 28 (14N14N), 29 

(15N14N), 32 (16O16O), 33 (17O16O), 34 (18O16O), 36 (36Ar), 40 (40Ar), and 44 (12C16O16O). The isotopic ratios δ(15N14N/14N14N), 200 

δ(17O16O/16O16O), δ(18O16O/16O16O), δ(16O16O/14N14N), δ(36Ar/40Ar), and δ(40Ar/14N14N) were determined relative to the AIST 

reference air. Because the isotopic compositions of the source gases differed from atmospheric values, the gravimetrically 

calculated ratios δ(O2/N2)HPA_grav and δ(Ar/N2)HPA_grav did not correspond directly to the measured isotopic ratios 

δ(16O16O/14N14N)HPA_meas and δ(40Ar/14N14N)HPA_meas. Hereafter, the subscripts “HPA_grav” and “HPA_meas” denote gravimetric 

and measured values, respectively.  205 

The values δ(O2/N2)HPA_meas and δ(Ar/N2)HPA_meas were calculated using equations (7) and (8) from the measured isotope ratios 

15N14N/14N14N, 17O16O/16O16O, 18O16O/16O16O, 36Ar/40Ar, and 38Ar/40Ar. Isotopologues such as 17O17O, 18O17O, 18O18O, and 15N15N 

were neglected because of their extremely low abundances. 

 

δ(O2/N2)HPA_meas = [δ( O16 O16 / N14  N14 )HPA_meas + 1] ×210 

[
1+ O17 O16 O16 O16⁄ + O18 O16 O16 O16⁄

1+ N15  N14 N14 N14⁄
]

HPA

[
1+ O17 O16 O16 O16⁄ + O18 O16 O16 O16⁄

1+ N15  N14 N14  N14⁄
]

ref

⁄ − 1  (7) 

 

δ(Ar/N2)HPA_meas  = [δ( Ar40 / N14 N14 )HPA_meas + 1] × [
1+ Ar36 Ar40 + Ar38 Ar40⁄⁄

1+ N15  N14 N14 N14⁄
]

HPA

[
1+ Ar36 Ar40 + Ar38 Ar40⁄⁄

1+ N15  N14 N14 N14⁄
]

ref

⁄ − 1  

 (8) 

 215 

2.5.2 CO2 analysis 

The molar fractions of CO2 in the HPAs were measured using a cavity ring-down spectrometer (G2301, Picarro Inc., USA) 

equipped with a multi-port inlet valve (Valco Instruments Co. Inc., USA) and a mass flow controller (SEC-N112, Horiba STEC, 

Japan). The instrument was calibrated using three to five primary standard gases gravimetrically prepared with CO2 molar fractions 

of 330 μmol mol−1 to 500 μmol mol−1. These standards were prepared from pure CO2 and purified air in accordance with ISO 220 

6142-1:2015 and are traceable to SI units; their associated standard uncertainties were approximately 0.80 μmol mol−1. Each 

standard gas was measured continuously at a flow rate of 80 mL min−1 for 20 min, and data from the final 10 min were used to 

ensure signal stabilization. The calibration range covered the molar fraction range of the measured HPAs. 

The same source CO2 gas used in preparing the HPAs was used to prepare the calibration gases, ensuring consistency in isotopic 

composition.  225 

3 Preparation of Standard Mixtures 

3.1 Initial preparation approach and expected uncertainty 

The HPOs developed in our previous study were prepared by sequentially filling a 10 L cylinder with source gases, including a 

premixed CO2/Ar gas, O2, and N2 (Aoki et al., 2019). The standard uncertainties of the δ(Ar/N2) values in these mixtures were 

approximately 70 per meg, corresponding to about 0.7 μmol mol−1 for the Ar molar fraction.  230 

The uncertainty budget analysis indicated that the dominant contributors to the uncertainty of the Ar molar fraction were the 

determinations of the CO2/Ar filling mass and the Ar molar mass. In addition, the Ar detected as an impurity in pure N2 cannot be 

neglected at the uncertainty level required for HPAs, so accurate and traceable quantification of Ar in pure N2 is also essential. In 
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contrast, the standard uncertainty of the atmospheric Ar/N2 ratio measurement is 3 per meg to 7 per meg (Ishidoya et al., 2021; 

Birner et al., 2020), which corresponds to 0.03 μmol mol−1 to 0.07 μmol mol−1 for the Ar molar fraction. The target standard 235 

uncertainty for the Ar/N2 ratio was therefore set to ≤7 per meg, comparable to the measurement uncertainty of the analytical system 

used for atmospheric observations. In this study, we first improved the preparation procedure to reduce the dominant uncertainty 

associated with determination of the Ar filling mass (Sections 3.1–3.3). We then addressed the remaining major uncertainty sources, 

namely Ar impurities in pure N2 and the molar mass of Ar. 

3.2 Evaluation of the initial preparation procedure 240 

To reduce the uncertainty associated with the CO2/Ar mass, an alternative procedure was implemented in which the CO2/Ar mixture 

was first filled into the 0.9 L cylinder and then transferred into a 10 L cylinder. In this procedure, the mass of the CO2/Ar mixture 

was determined from the mass loss of the 0.9 L cylinder before and after transfer. In contrast, O2 and N2 were filled directly into 

the 10 L cylinder using the same procedure as for the HPOs. The gravimetrically calculated standard uncertainty of the Ar molar 

fraction in HPAs prepared by this procedure was estimated to be 0.05 μmol mol−1, indicating that the target uncertainty should 245 

have been achieved. No significant discrepancy between the gravimetric and analytical values was therefore expected. 

3.3 Identification and investigation of the discrepancy 

Despite the low gravimetric uncertainty, substantial discrepancies were observed among lots prepared independently in different 

years (2020, 2022, and 2023), as well as among lots prepared in 2023 from different CO2/Ar mixtures (CPB28687 and CPC00418). 

As shown in Fig. 5, systematic differences of approximately 100 per meg in δ(Ar/N2) were observed among the lots. This 250 

discrepancy is more than two orders of magnitude larger than the annual atmospheric increase in Ar/N2 (0.7 per meg to 0.9 per 

meg; Ishidoya et al., 2021) and is therefore incompatible with the requirements for long-term atmospheric Ar/N2 observations.  

Furthermore, the slope of the relationship between the gravimetric and measured δ(Ar/N2) values differed among the lots, by as 

much as 1.2 %. This indicates that the discrepancy affected not only the assigned values but also the calibration relationship itself. 

Such differences cannot be ignored for long-term, climate-related applications that require a highly stable reference. 255 

 

Figure 5. Differences between the gravimetrically assigned δ(Ar/N2) values and the corresponding δ(Ar/N2) values on the 

EMRI/AIST scale in standard mixtures prepared from CO2/Ar, O2, and N2 source gases. Open circles represent the values for 

the HPAs developed in this study. Closed circles, diamonds, squares, and triangles represent the values for standard mixtures 

prepared from CO2/Ar mixture CPB28687 in 2020, 2022, and 2023 and from CO2/Ar mixture CPC00418 in 2023, respectively.  
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Several potential causes were considered: (i) long-term drift of the weighing system, (ii) residual CO2/Ar mixture in the transfer 

lines, and (iii) compositional changes during transfer of the CO2/Ar mixture. The weighing system was calibrated before each 

preparation using SI-traceable standard weights, which reduced the effect of long-term drift to a negligible level, and the residual 

CO2/Ar mixture was fully transferred from the 0.9 L cylinder into the 10 L cylinder by repeated pressurization–expansion cycles. 

Previous transfer experiments using CO2/Ar mixtures have demonstrated measurable compositional changes during cylinder-to-260 

cylinder transfer (Aoki et al., 2022, 2025). Transfer-induced compositional changes were therefore considered the most likely 

explanation for the observed discrepancies.  

3.4 Improved preparation procedure 

Based on these findings, the preparation procedure used in Section 3.2 was judged unsuitable for producing HPAs. An alternative 

approach was therefore developed, in which CO2, Ar, O2, and N2 were introduced independently from source gases, as illustrated 265 

in Fig. 1. By eliminating the transfer of premixed CO2/Ar mixtures, the new procedure avoided the composition changes associated 

with mixture transfer. 

In the developed procedure, pure CO2 and Ar were first aliquoted into 0.9 L cylinders and then transferred to 10 L cylinders, and 

their transfer masses were determined precisely from the mass loss of the 0.9 L cylinders before and after each transfer using 

equations (1) and (2). Direct gravimetric determination of the Ar filling mass in the 10 L cylinder was not feasible because the 270 

required uncertainty was substantially smaller than the weighing uncertainty of the 10 L cylinder. The transferred Ar mass was 

therefore determined from the mass difference of the 0.9 L cylinder using the newly developed high-precision weighing system 

shown in Fig. 3. 
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4 Results 275 

4.1 Calculation of molar fractions and uncertainties 

The gravimetric molar fractions and their associated standard uncertainties for the HPAs are summarized in Table 1. The standard 

uncertainties were 0.7 μmol mol−1 for N2, 0.7 μmol mol−1 for O2, 0.05 μmol mol−1 for Ar, 0.04 μmol mol−1 for CO2, and 4.8 per 

meg to 5.9 per meg for δ(Ar/N2). The target uncertainty of ≤7 per meg was thus achieved. The gravimetric molar fraction (𝑦𝑘) of 

constituent k (CO2, Ar, O2, or N2) was calculated according to ISO 6142-1:2015. 280 

 

 𝑦𝑘  =  

∑ (
𝑥𝑘,𝑗×𝑚𝑗

∑ 𝑥𝑖,𝑗×𝑀𝑖
𝑞
𝑖 = 1

)𝑟
𝑗 = 1

∑ (
𝑚𝑗

∑ 𝑥𝑖,𝑗×𝑀𝑖
𝑞
𝑖 = 1

)𝑟
𝑗 = 1

      (9) 

 

In this equation, (𝑀𝑖), (𝑥𝑖,𝑗), and (𝑚𝑗) represent the molar mass, the molar fraction of constituent i (CO2, Ar, O2, N2, and impurities) 

in source gas j (pure CO2, pure Ar, pure O2, and pure N2), and the mass of each source gas, respectively. r and q represent the 285 

number of source gases j and constituents i, respectively, and 𝑥𝑘,𝑗 is the molar fraction of constituent k in source gas j. 

The standard uncertainty (𝑢(𝑦𝑘)) associated with the gravimetric molar fraction was calculated using the law of propagation of 

uncertainty: 

 

𝑢2(𝑦𝑘)  =  ∑ ∑ (
𝜕𝑦𝑘

𝜕𝑥𝑖,𝑗
)

2
𝑞
𝑖 = 1

𝑟
𝑗 = 1 × 𝑢2(𝑥𝑖,𝑗) + ∑ (

𝜕𝑦𝑘

𝜕𝑀𝑖
)

2

×  𝑢2(𝑀𝑖)
𝑞
𝑖 = 1 + ∑ (

𝜕𝑦𝑘

𝜕𝑚𝑗
)

2

×  𝑢2(𝑚𝑗)𝑟
𝑗 = 1   (10) 290 

 

Here, 𝑢(𝐴) denotes the standard uncertainty associated with quantity A. Table 2 lists the contributions of the purity of the source 

gases, the molar masses of the constituents, and the masses of the source gases to the gravimetric molar fraction. These correspond 

to the square roots of the first, second, and third terms in equation (10), respectively. These contributions to the Ar molar fraction 

uncertainty arose mainly from the masses of the source gases and their purity. The contribution of the molar mass uncertainty was 295 

negligible. The purity of the individual source gases, the molar masses of the constituents i, and the masses of the source gases, 

together with their associated standard uncertainties, are described in Sections 4.1.1, 4.1.2, and 4.1.3. 

 

Table 2. Typical contribution of each source of uncertainty (mass of the source gas, molar mass, and purity) to the standard 

uncertainties obtained for the molar fractions of N2, O2, Ar, and CO2 in the HPAs. 300 

Constituent 

Uncertainty source, μmol mol−1 Combined standard 

uncertainty,  

μmol mol−1 

Mass of source gas a Molar mass b Purity c 

N2 0.75 0.03 0.07 0.76 

O2 0.76 0.03 0.03 0.76 

Ar 

 

0.043 

Contribution 

CO2     0.000          

Ar        0.041          

0.002 

Contribution 

CO2     0.000          

Ar        0.002          

0.023 

Contribution 

Ar in pure N2     0.023  

Ar in pure O2     0.005  

0.049 
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a The values were calculated using the procedure described in Section 4.1.3. 

b The values were calculated using the procedure described in Section 4.1.2. 305 

c The values were calculated using the procedure described in Section 4.1.1. 

 

4.1.1 Purity of source gas 

The molar fractions of impurities and their associated standard uncertainties in each source gas were determined using dynamically 

prepared standard mixtures in accordance with ISO 6145-7. When the molar fraction of an impurity h was below its detection limit 310 

(Lh,j), the molar fraction (xh,j) and its standard uncertainty (u(xh,j)) in source gas j were estimated as 𝑥ℎ,𝑗  =  𝐿ℎ,𝑗 2⁄  and 𝑢(𝑥ℎ,𝑗)  =

 𝐿ℎ,𝑗 2√3⁄ . The calculated impurity molar fractions and the resulting purities of the source gases are summarized in Table 3. The 

purities of Ar and O2 were greater than 99.9999 %, whereas CO2 was 99.99949 % and N2 ranged from 99.99936 % to 99.99998 %. 

 

Table 3. Impurities in source gases used for preparation of the HPAs. 315 

Impurity 
Source gases, μmol mol−1 

CO2 Ar O2
 N2 

N2 1.5 ± 0.9 0.10 ± 0.06 0.25 ± 0.14 N/A 

O2 0.85 ± 0.49 0.058 ± 0.001 N/A 0.025 ± 0.014 

Ar - N/A 0.039 ± 0.023 

0.046 ± 0.029, 0.145 ± 0.040 

3.066 ± 0.032, 3.501 ± 0.020 

6.250 ± 0.050 

CO2 N/A 0.002 ± 0.001 0.016 ± 0.003 0.002 ± 0.001 

H2O 1.30 ± 0.75 0.06 ± 0.03 0.27 ± 0.16 0.05 ± 0.03 

CH4 0.26 ± 0.01 0.005 ± 0.003 0.005 ± 0.003 0.005 ± 0.003 

CO 0.20 ± 0.12 0.04 ± 0.02 0.04 ± 0.02 0.04 ± 0.02 

H2 0.85 ± 0.49 - - - 

Purity 999994.9 ± 1.4 999999.73 ± 0.07 999999.38 ± 0.22 

999999.82 ± 0.05, 999999.72 ± 0.06 

999996.80 ± 0.05, 999996.37 ± 0.06  

999993.62 ± 0.07,  

 Numbers following the symbol ± denote the standard uncertainty. 

"-" indicates constituents that were not measured. 

"N/A" indicates that the analyte is the major component of the source gas. 

 

Among the identified impurities, Ar in pure N2 was the dominant contributor to the uncertainty of the Ar molar fraction and 320 

therefore required particular attention, as shown in Table 2. Ar in pure N2 was measured by GC–TCD. Quantification was 

performed relative to standard mixtures dynamically prepared from an Ar/He standard mixture (Ar molar fraction: 20.316 ± 0.035 

O2       0.009          

N2       0.010          

O2       0.000          

N2       0.001          

Other impurities < 0.001  

 

CO2 0.032 0.006 0.001 0.032 
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μmol mol−1) with pure He using mass flow controllers. The resulting Ar molar fractions in the calibration standard mixtures were 

6.772 ± 0.030 μmol mol−1, 3.694 ± 0.004 μmol mol−1, 2.902 ± 0.011 μmol mol−1, 1.741 ± 0.037 μmol mol−1, and 0.580 ± 0.0014 

μmol mol−1. A molecular sieve 5A was used as the analytical column. The column temperature was maintained at 90°C, pure He 325 

was used as the carrier gas at a flow rate of 30 mL min−1, and the total analysis time was 20 min per injection. A representative 

chromatogram is shown in Fig. 6. 

In our chromatographic system, the Ar and O2 peaks were detected as a single combined peak because they could not be separated 

under the conditions used. To prevent the major component (N2) from degrading the quantification accuracy, N2 was removed 

from the system using a valve-switching procedure. After elution of the Ar+O2 peak, a valve was switched to vent N2 out of the 330 

system and then returned to its original position. As shown in Fig. 6, the post-switch baseline returned to a level comparable to 

that before Ar+O2 elution, indicating that N2 was effectively purged and that the valve-switching operation introduced no 

measurable baseline drift. 

The Ar+O2 molar fraction, 𝐶Ar+O2
, was obtained based on the calibration line by a least-squares fit of the assigned Ar values in 

the Ar/He standard mixtures to the measured peak area, because the Ar and O2 peaks were co-detected by GC–TCD. The Ar molar 335 

fraction, 𝐶Ar, was then obtained by subtracting the independently measured O2 molar fraction, 𝐶O2
, which was quantified using a 

galvanic-cell oxygen analyzer: 

𝐶Ar = 𝐶Ar+O2
− 1.13 × 𝐶O2

,                                                                                    (11) 

 

where 1.13 is the experimentally determined relative TCD sensitivity factor of O2 to Ar (Tohjima et al., 2005). 340 

The impurity Ar molar fractions in the pure N2 used to prepare the HPAs are summarized in Table 3. These molar fractions ranged 

from 0.046 μmol mol−1 to 6.250 μmol mol−1, with associated standard uncertainties ranging from 20 nmol mol−1 to 50 nmol mol−1. 

The molar fractions of impurity O2 in pure N2 were between 20 nmol mol−1 and 30 nmol mol−1, indicating that the contribution of 

impurity O2 to the Ar molar fraction and its uncertainty was negligible. 

 

Figure 6. Chromatogram obtained from the measurement of pure N2 by GC–TCD. 
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4.1.2 Determination of molar masses 345 

Application of the IUPAC atomic mass values to the calculation of molar masses resulted in standard uncertainties of 0.18 μmo l 

mol−1, 3.6 μmol mol−1, and 3.7 μmol mol−1 for Ar, O2, and N2, respectively, which are larger than the target uncertainty of the 

HPAs. The molar masses (Mi) of the constituents are commonly calculated using the most recent atomic masses reported by the 

IUPAC. However, the IUPAC atomic masses of Ar, O, and N have relatively large standard uncertainties because they reflect the 

variability of isotopic abundances in natural terrestrial materials. The isotopic abundances of Ar, O, and N in the HPAs were 350 

therefore determined precisely by the conventional mass spectrometry.  

An example of the isotopic abundances and their associated standard uncertainties is shown in Table 4. Based on the measured 

isotopic abundances and the atomic masses of Ar, the molar mass of pure Ar was determined with a relative uncertainty of 

0.000038 %. Here, the 38Ar abundance ratio was fixed at the atmospheric value (0.0006289, Böhlk (2014)) because it could not be 

measured by the mass spectrometer and the pure Ar source gas was derived from atmospheric air. Because 36Ar has a larger mass 355 

difference from 40Ar, it has both a greater effect on the molar mass and a higher sensitivity to isotopic fractionation, whereas 38Ar 

contributes much less because of its lower abundance and smaller mass difference. Given the observed 0.12 % deviation in 36Ar 

abundance, the deviation in 38Ar abundance is expected to be smaller, and the standard uncertainty of the 38Ar abundance on the 

molar mass was therefore estimated to be 0.12 %. The 38Ar abundance and its standard uncertainty were estimated to be 0.000629 

and 0.000008, respectively. The isotopic abundances of O2 and N2 were determined using the same procedure described by Aoki 360 

et al. (2019). Based on the measured isotopic abundances and the corresponding atomic masses, the molar masses of pure O2 and 

pure N2 were determined with relative standard uncertainties of 0.000006 % and 0.000029 %, respectively.  

 

Table 4. Isotopic composition and atomic masses of pure oxygen and pure nitrogen used to prepare the highly precise Ar standard 

mixtures (CPB12763). 365 

 

Isotope Atomic massa,b 
Isotope abundance 

Isotopic ratio of source gasf Atmospherea Source gasa 

14N 14.0030740074(18) 0.996337(4) c 0.996343(4)  

15N 15.000108973(12) 0.003663(4) c  0.003657(4) δ15N = (−1.616 ± 0.001) ‰ 

16O 15.9949146223(25) 0.9975684(9)d 0.9975566(9)  

17O 16.99913150(22) 0.0003836(8)d 0.0003846(8) δ17O = (2.81 ± 0.05) ‰ 

18O 17.9991604(9) 0.0020481(5)d 0.0020588(5) δ18O = (5.238 ± 0.003) ‰ 

36Ar 35.967545105(29) 0.0033361(35)e 0.003295(4) δ36Ar = (−12.38 ± 0.05) ‰ 

38Ar 37.96273211(21) 0.0006289(12) e 0.000629(8)  

40Ar 39.9623831237(24) 0.9960350(42) e 0.996076(5)  

Sources Atomic mass of nitrogena Atomic mass of oxygena Atomic mass of argona 

Atmosphere 14.006726(4) 15.999405(1) 39.947798(14) 

Source gases 14.006720(4) 15.999427(1) 39.947964(20) 

a Numbers in parentheses represent the standard uncertainty in the last digits. 

b Atomic mass and standard uncertainty as determined by De Laeter et al. (2003). 

c Isotope abundance and standard uncertainty as determined from calculations for the absolute 15N/14N ratio obtained by Junk and 

Svec (1958). 370 
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d Isotope abundance and standard uncertainty are calculated using δ17O = 12.08 ‰ and δ18O = 23.88 ‰ vs. VSMOW, as determined 

by Barkan and Luz (2005). The absolute isotopic ratios for VSMOW and their standard uncertainties were determined by Li et al. 

(1988) for 17O/16O and Baertschi (1976) for 18O/16O. 

e Isotope abundance and standard uncertainty are obtained from Böhlk (2014). 

f The isotopic ratio is defined as the difference from the corresponding atmospheric value (AIST reference air) measured using a 375 

mass spectrometer. Numbers following the symbol ± denote the standard uncertainty. 

 

4.1.3 Determination of filling masses 

The filling masses of CO2, Ar, O2, and N2 were determined gravimetrically from the cylinder mass differences measured before 

and after each transfer or filling step. For CO2 and Ar, the masses were obtained from the mass loss of the 0.9 L cylinders, whereas 380 

for O2 and N2, they were determined from the mass increase of the 10 L sample cylinder. The 10 L cylinders were weighed using 

the conventional weighing system.  

The transferred and filled masses were calculated using Eqs. (1) – (4). The cylinder masses, 𝑚cylinder, used in these calculations 

were corrected for gas permeation and for buoyancy effects associated with pressure-induced cylinder expansion: 

 385 

𝑚cylinder = 𝑚reading + 𝛿𝑚permeation + 𝛿𝑚buoyancy           (12) 

 

where  𝑚reading is the measured mass reading, and δ𝑚permeation and δ𝑚buoyancy represent are the corrections for gas permeation 

and cylinder-expansion-induced buoyancy effects, respectively. 

The standard uncertainties of the transferred and filled masses were evaluated by propagating the uncertainties of the individual 390 

cylinder mass determinations before and after each transfer or filling step. To quantify these uncertainties, the contributions from 

(i) mass-reading reproducibility, (ii) gas permeation during weighing, and (iii) buoyancy effects caused by cylinder expansion were 

evaluated as described in the following sections. The standard uncertainties of the transferred and filled masses were estimated to 

be 0.049 mg for CO2 and Ar and 1.2 mg for O2 and N2. 

Mass readings 395 

 The mass of the 0.9 L cylinder was measured using the custom-built weighing system described in Section 2.3.1. To evaluate the 

reproducibility of the weighing system under conditions representative of actual gas transfer, eleven cooling-cycle experiments 

were conducted. In each experiment, the sample cylinder was cooled to 1–3 K below the reference cylinder to reproduce the 

temperature difference that occurs immediately after gas transfer and then weighed. As shown in Fig. 7a, the reproducibility of the 

mass readings was estimated to be 0.035 mg, expressed as the standard deviation of the average values from the eleven cooling-400 

cycle experiments.  

The linearity of the weighing system was evaluated by measuring standard weights ranging from 2 g to 15 g, covering the mass 

range relevant to the determination of the transferred Ar mass, on the sample−cylinder holder, as shown in Fig. 7b. The measured 

values were in agreement with the calibration line within their uncertainties, indicating that no significant deviation from linearity 

was observed.  405 

The 10 L cylinders were weighed using the procedure described in detail by Aoki et al. (2019).  
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The standard uncertainty of the 0.9 L cylinder mass was estimated to be 0.035 mg and was adopted as the standard uncertainty of 

the corresponding cylinder mass determinations, whereas for the 10 L cylinders the standard uncertainty was 0.8 mg, as reported 

by Aoki et al. (2019).  

Permeation of source gases during weighing by gas filling 410 

The 0.9 L cylinders used in this study were equipped with diaphragm valves connected by threaded fittings. The valve seals were 

made of PCTFE, through which gases may slowly permeate (Sturm et al., 2004). Because permeation of pure Ar and CO2 during 

weighing could bias the determination of their transferred masses, the extent of permeation was evaluated experimentally by 

monitoring the mass of a 0.9 L cylinder filled with pure Ar to 1 MPa over a period of four days. Least-squares regression analysis 

of these data yielded a permeation rate of 2.6 μg day−1. Because weighing of the 0.9 L cylinders was completed within 24 h, the 415 

maximum mass loss from permeation was estimated to be only 2.6 μg, which is much smaller than the reproducibility of the 

weighing system (0.035 mg). The expected permeation loss during weighing was therefore considered negligible, and the 

contribution of gas permeation was omitted from the uncertainty calculation for the 0.9 L cylinder measurements. For the 10 L 

cylinders, gas permeation was also considered negligible, as discussed previously by Aoki et al. (2019).  

Buoyancy effect of cylinder expansion 420 

For accurate determination of the transferred and filled masses of the source gases, the expansion coefficients of the 0.9 L and 10 

L cylinders were determined experimentally. Both cylinders exhibited linear expansion with pressure, as shown in Fig. 4. The 

observed expansion volumes at 12 MPa were 1.3 mL for the 0.9 L cylinder and 19.5 mL for the 10 L cylinder. Linear regression 

analysis of the measured data yielded Pearson correlation coefficients of 0.996 for both cylinders, and from these fitted 

relationships the expansion rates were determined to be 0.109 ± 0.003 mL MPa−1 for the 0.9 L cylinder and 1.64 ± 0.06 mL MPa−1 425 

for the 10 L cylinder. The number following the symbol ± denotes the standard uncertainty. 

The buoyancy effect, 𝛿𝑚buoyancy, for each source gas was calculated as the product of the cylinder expansion volume, estimated 

from the filling pressure and the experimentally determined expansion rate, and the density of ambient air. The resulting buoyancy 

 

Figure 7. (a) Reproducibility of the mass readings obtained for the sample cylinder after the cylinder had been cooled to 23°C. 

(b) Calibration line obtained by measuring standard weights of 2 g, 5 g, 7 g, 10 g, and 15 g, and the residuals from the calibration 

line. Error bars represent the standard uncertainty. 

 

(b) (a) 
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corrections were 0.005 mg, 0.1 mg, 4 mg, and 14 mg for CO2, Ar, O2, and N2, respectively. Applying these corrections changed 

the gravimetric Ar molar fraction by −0.08 μmol mol−1.  430 

4.2 Validation of HPAs 

To verify the accuracy of the gravimetric preparation, the CO2 molar fraction and δ(O2/N2) in the HPAs were determined using 

independently prepared standard mixtures and compared with their gravimetrically assigned values. In contrast, no independently 

prepared reference gas mixture with a known Ar/N2 ratio was available for external validation. Therefore, the Ar/N2 in the HPAs 

was evaluated based on internal consistency. The CO2 molar fraction, δ(O2/N2), and δ(Ar/N2) values measured in the HPAs are 435 

shown in Table 5. 

 

Table 5. δ(Ar/N2)HPA_meas and δ(O2/N2)HPA_meas calculated using equations (7) and (8); δ(40Ar/14N14N)HPA_meas and the CO2 molar 

fraction measured by the mass spectrometer and the Picarro G2301; and the differences between δ(Ar/N2)HPA_meas and 

δ(40Ar/14N14N)HPA_meas. For each cylinder, the upper and lower rows give the values from the conventional and new mass 440 

spectrometers, respectively. 

 

 

 

 445 

 

 

 

 

 450 

 

 

 

 

 455 

 

 

 

 

 460 

For δ(Ar/N2)HPA_meas, δ(O2/N2)HPA_meas, and δ(40Ar/14N14N)HPA_meas, the top row gives the measured values on the EMRI/AIST 

scale using the conventional mass spectrometer, and the bottom row gives the results using the new mass spectrometer; all 

are given in per meg. CO2 molar fractions were measured by the Picarro G2301. Values for δ(Ar/N2)HPA_meas, δ(O2/N2)HPA_meas, 

and δ(40Ar/14N14N)HPA_meas , and for CO2 are given in per meg. Numbers following the symbol ± denote the standard 

uncertainty. 465 

 

Cylinder 

number 
δ(Ar/N2)HPA_meas δ(40Ar/14N2)HPA_meas

 
δ(Ar/N2)HPA_meas − 

δ(40Ar/14N2)HPA_meas 
δ(O2/N2)HPA_meas CO2 molar fraction 

CPB12763 
        335.6 ± 6.5 

        340.3 ± 6.5 

      364.8 ± 6.5 

      369.3 ± 6.5 

−29.2 

−29.0 

−690.0 ± 3.2 

−699.6 ± 3.2 
410.09 ± 0.05 

CPB16187 
    4414.5 ± 6.5 

  4387.6 ± 6.5 

    4444.2 ± 6.5 

    4417.1 ± 6.5 

−29.7 

−29.5 

−1409.5 ± 3.2 

−1414.1 ± 3.2 
401.70 ± 0.05 

CPB16370 
 −1971.1 ± 6.5 

 −1973.0 ± 6.5 

  −1942.0 ± 6.5 

  −1944.2 ± 6.5 

−29.1 

−28.8 

−1888.4 ± 3.2 

−1902.9 ± 3.2 
421.01 ± 0.05 

CPB31357 
 2207.5 ± 6.5 

 2202.5 ± 6.5 

    2236.8 ± 6.5 

    2231.6 ± 6.5 

−29.3 

−29.1 

    679.0 ± 3.2 

    685.1 ± 3.2 
394.38 ± 0.05 

CPB16246 
      −89.8 ± 6.5 

      −87.2 ± 6.5 

      −60.7 ± 6.5 

      −58.4 ± 6.5 

−29.1 

−28.8 

  3331.7 ± 3.2 

  3339.3 ± 3.2 
430.16 ± 0.05 

CPC00484 
−10649.9 ± 6.5 

−10669.3 ± 6.5 

−10621.5 ± 6.5 

−10641.1 ± 6.5 

−28.4 

−28.2 

−7159.3 ± 3.2 

−7185.6 ± 3.2 
438.47 ± 0.05 

CPB28571 
  −1126.1 ± 6.5 

  −1104.3 ± 6.5 

  −1103.0 ± 6.5 

  −1081.2 ± 6.5 

−23.1 

−23.1 

  3110.8 ± 3.2 

  3121.0 ± 3.2 
409.93 ± 0.05 

CPC00486 
  −5120.8 ± 6.5 

  −5106.4 ± 6.5 

  −5097.9 ± 6.5 

  −5083.5 ± 6.5 

−22.9 

−22.9 

−1910.3 ± 3.2 

−1915.3 ± 3.2 
450.94 ± 0.05 
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4.2.1 CO2 validation 

 The CO2 molar fractions determined using the Picarro G2301 agreed well with the gravimetrically assigned values, as shown in 

Fig. 8(a). The differences between the measured and assigned values ranged from −0.05 μmol mol−1 to 0.06 μmol mol−1, which 

are within the expanded uncertainties (k = 2) of the gravimetric preparation and the analytical measurements. These results 470 

demonstrate that the gravimetrically assigned CO2 molar fractions are consistent with the independent measurements within the 

combined standard uncertainties.  

4.2.2 O2/N2 validation 

The determined δ(O2/N2) values were compared with those of the HPOs using the conventional mass spectrometer (Fig. 8b). The 

measurements were performed relative to the reference air on the EMRI/AIST scale, which is natural air contained in a 48 L 475 

aluminum cylinder with a diaphragm valve (Ishidoya and Murayama, 2014). The differences ranged from −2.3 per meg to 13.9 

per meg. Except for one sample (CPB16246), all HPAs agreed with the EMRI/AIST scale within the expanded uncertainty (k = 2) 

of 10.5 per meg, calculated from the combined uncertainties of the gravimetric preparation and the measurement. Even for 

CPB16246, the deviation was only slightly larger than the expanded uncertainty. Overall, these results indicate good agreement 

between the HPA and HPO preparation methods. 480 

4.2.3 Ar/N2 ratio 

Figure 9 shows the relationship between the gravimetrically assigned δ(Ar/N2) values and those measured using the new and 

conventional mass spectrometers. Excellent linear agreement was observed for both systems, and the fitted slopes from least-

squares analysis were 1.00178 ± 0.00070 and 1.00196 ± 0.00070, respectively. The two values agreed within their uncertainties. 

 The residuals ranged from −10.5 per meg to 16.6 per meg for the new mass spectrometer and from −8.8 per meg to 18.0 per meg 485 

for the conventional mass spectrometer. Their standard uncertainties, which combine the uncertainties of the measured and 

gravimetric values, ranged from 8.1 per meg to 8.8 per meg. Unlike for CO2 and O2/N2, no independent reference standard was 

available to validate the Ar/N2 ratio. The consistency of the assigned Ar/N2 values was therefore evaluated using the residuals of 

the least-squares fits relating the gravimetrically assigned values to the measured values. Although a few residuals exceed the 

corresponding expanded uncertainty (Fig. 9(b)), no systematic difference was observed between the residuals from the new and 490 

 

Figure 8. (a) Differences between the measured and gravimetric CO2 molar fractions, and (b) residuals of δ(O2/N2) in the HPAs 

and HPOs from the δ(O2/N2) values on the EMRI/AIST scale.  

 

(a) (b) 
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conventional mass spectrometers. The residuals were comparable to the combined standard uncertainties, indicating good 

agreement between the gravimetrically assigned values and the analytical response. 

Overall, the gravimetrically assigned CO2 molar fractions and O2/N2 ratios were independently validated against established 

reference scales. Although no independent reference standard was available for Ar/N2, the observed calibration residuals were 

comparable to the combined standard uncertainties, indicating good internal consistency of the assigned Ar/N2 values. Together, 495 

these results support the validity of the gravimetric preparation procedure and the associated uncertainty estimates for the HPAs. 

4.3 Application of HPAs to the determination of the absolute atmospheric Ar/N2 ratio and Ar molar fraction 

To demonstrate the applicability of the validated HPAs, the absolute Ar/N2 ratio of the AIST reference air was first redetermined. 

The resulting calibration was then applied to atmospheric observations at Hateruma Island and Cape Ochiishi to derive the absolute 

atmospheric Ar/N2 ratio and Ar molar fraction. In the following section, the number following the symbol ± represents the standard 500 

uncertainty. 

4.3.1 Redetermining the absolute Ar/N2 ratio in AIST reference air 

The absolute Ar/N2 ratio of the AIST reference air was redetermined from the line obtained by least-squares regression between 

the gravimetrically assigned Ar/N2 values of the HPAs and the corresponding measured δ(Ar/N2) values on the EMRI/AIST scale. 

The resulting value was 0.01195567 ± 0.00000011, compared with the previously reported value of 0.0119542 ± 0.0000009. The 505 

redetermined value reduced the associated standard uncertainty by approximately a factor of 8. The two values agreed within their 

expanded uncertainty (k = 2). This result further supports the consistency between the gravimetric preparation of the HPAs and 

the previous EMRI/AIST scale. 

 

Figure 9. (a) Relationship between δ(Ar/N2)HPA_grav and δ(Ar/N2)HPA_meas on the EMRI/AIST scale. (b) Residuals of the fit to 

δ(Ar/N2)HPA_meas. Error bars represent the expanded uncertainty (k = 2). 
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4.3.2 Atmospheric absolute Ar/N2 ratios and Ar molar fractions 

The validated HPAs were applied to determine the absolute atmospheric Ar/N2 ratios and Ar molar fractions using air samples 510 

collected between January and December 2021 at Hateruma Island and Cape Ochiishi, Japan. Because atmospheric Ar/N2 exhibits 

seasonal variability, the value derived here should be regarded as the annual mean atmospheric composition for 2021 rather than 

a universal atmospheric constant. 

The annual mean δ(Ar/N2) and δ(O2/N2) derived from the air sample measurements were −58.8 per meg and −214 per meg, 

respectively. Using the (Ar/N2)ref and (O2/N2)ref ratios for the AIST reference air, the corresponding absolute Ar/N2 and O2/N2 515 

ratios were 0.01195497 ± 0.00000013 and 0.2680355 ± 0.0000018, respectively. The Ar molar fraction, 𝑥Ar, was then calculated 

from the Ar/N2 ratio using 

 

𝑥Ar  =  𝐾 ×
Ar N2⁄

(1+O2 N2⁄ +Ar N2⁄ )
          (13) 

 520 

where K is the sum of the molar fractions of N2, O2, and Ar in dry air and was estimated to be 999552.8 ± 0.1 μmol mol−1. This 

value was obtained by subtracting the molar fractions of the minor atmospheric constituents. The minor constituents considered 

were Ne (18.18 μmol mol−1), He (5.24 μmol mol−1), Kr (1.14 μmol mol−1), H2 (0.52 μmol mol−1), CO (0.15 μmol mol−1), and Xe 

(0.09 μmol mol−1), reported by Tohjima et al. (2005), together with CO2 (418.8 μmol mol−1), CH4 (1.91 μmol mol−1), and N2O 

(0.34 μmol mol−1). The CO2 molar fraction was the average value in the air samples measured using the conventional mass 525 

spectrometer. The CH4 and N2O molar fractions were the global annual means for 2021 reported by the WMO (2021). The 

corresponding atmospheric Ar molar fraction was determined to be 9335.71 ± 0.10 μmol mol−1. It should be noted that the reported 

standard uncertainties do not account for seasonal variations in atmospheric composition; the variability observed in atmospheric 

measurements may therefore exceed the uncertainties estimated in this study. 

Aoki et al. (2019) reported an Ar/N2 ratio of 0.0119534 ± 0.0000009, corresponding to an Ar molar fraction of 9334.4 ± 0.7 μmol 530 

mol−1. Tohjima et al. (2005) and Park et al. (2004) reported Ar molar fractions of 9333.2 ± 2.1 μmol mol−1 and 9332 ± 3 μmol 

mol−1, respectively. The atmospheric Ar/N2 ratio and Ar molar fraction determined in this study were slightly higher than these 

previously reported values, but all estimates remain consistent within their expanded uncertainties (Fig. 10). 

 

Figure 10. Atmospheric Ar molar fractions and their expanded uncertainties reported in previous studies and in the present 

work. Error bars represent the expanded uncertainties (k = 2). 
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5 Discussion 

5.1 Reduction of uncertainty in Ar/N2 standards 535 

The standard uncertainty of the Ar molar fraction in the HPAs was reduced by more than an order of magnitude relative to that of 

the previously developed HPOs. The uncertainty budget analysis (Table 2) indicates that the dominant contributions arise from the 

determination of the source-gas masses and the purity of the source gases, whereas the contribution from the molar masses was 

negligible. 

Relative to the HPOs reported by Aoki et al. (2019), the uncertainty contributions from the source-gas masses and molar masses 540 

were reduced by factors of approximately 13 and 60, respectively, whereas the contribution from gas purity remained largely 

unchanged, even though the molar fraction of impurity Ar in pure N2 differed by nearly a factor of 20 among the individual N2 

cylinders. These reductions demonstrate that the improved preparation procedure eliminated the major sources of uncertainty 

associated with the determination of the transfer and filling masses and the molar masses of the source gases. A more detailed 

analysis showed that the determination of the transferred Ar mass and the quantification of trace Ar impurities in pure N2 are now 545 

the principal factors limiting the overall uncertainty of the Ar molar fraction. Further reductions in uncertainty will therefore depend 

largely on more accurate determination of the transferred Ar mass and quantification of trace Ar impurities in N2.  

Because independent primary standard mixtures for Ar/N2 are not currently available, validation of the assigned Ar/N2 values 

relied on the internal consistency between the gravimetric assignments and the calibration measurements. Nevertheless, because 

the independent validation of the CO2 molar fractions and O2/N2 ratios indicated that the CO2, O2, and N2 molar fractions were 550 

correct, the absence of systematic residuals in the Ar/N2 calibration provides indirect but strong evidence that no significant bias 

remains in the assigned Ar/N2 values. 

The resulting standard uncertainty of the HPAs (4.8 per meg – 5.9 per meg in δ(Ar/N2)) is comparable to or smaller than that of 

current measurement systems. This level of performance enables the use of HPAs as primary standards for high-precision 

atmospheric observations and provides a basis for improving consistency among atmospheric observation networks through 555 

traceable Ar/N2 calibration. 

5.2 Effect of compositional changes during CO2/Ar transfer 

The observed lot-to-lot discrepancies indicate that gravimetric uncertainty estimates alone are insufficient. In the initial preparation 

approach, the discrepancies in δ(Ar/N2) were substantially larger than the long-term atmospheric Ar/N2 trends of 0.75 per meg yr−1 

and 0.89 per meg yr−1 reported by Ishidoya et al. (2021), confirming that even small transfer-induced fractionation effects can 560 

severely compromise the accuracy of the HPAs. 

Previous studies have shown that gas composition can change during cylinder-to-cylinder transfer owing to thermal-diffusion 

fractionation (Aoki et al., 2022, 2025). Consistent with these findings, cylinder-to-cylinder transfer experiments using CO2/Ar 

mixtures in a 10 L cylinder revealed a decrease of approximately 0.04 % in the CO2/Ar ratio due to thermal fractionation. Such 

compositional changes in the CO2/Ar mixture correspond to deviations of several tens of per meg in δ(Ar/N2). Similar 565 

compositional changes are expected during transfer from the 0.9 L cylinder to another cylinder, where thermal fractionation may 

also occur. Although the magnitude of this effect was not quantified in the present study, these effects were considered the primary 

causes of the observed discrepancy. The improved preparation procedure avoids this problem by introducing pure CO2, Ar, O2, 

and N2 independently into the final cylinder. The agreement between the gravimetrically assigned and independently measured 

values confirms that this approach effectively suppresses transfer-induced compositional bias. 570 
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5.3 Importance of Ar impurity and isotopic composition 

As the uncertainty of Ar molar fraction in the HPAs was reduced to the per meg level, factors that had been negligible in previous 

HPO preparations became increasingly important. In the HPOs, the uncertainty in the Ar molar fraction was dominated by the 

determination of the Ar mass and the molar mass of Ar. In contrast, trace Ar impurities in the source N2 emerged as a major 

contributor to the uncertainty at the level achieved in this study. These findings indicate that further improvements in Ar/N2 575 

standards will require the characterization of impurities at levels previously considered negligible. 

Another important factor is the isotopic composition of the source gases. The molar masses used in the gravimetric calculations 

were derived directly from the measured isotopic abundances of Ar, O, and N. Although the source gases were obtained from the 

same suppliers and purity grades as those used by Aoki et al. (2019), the atomic masses derived from the measured isotopic 

abundances differed slightly from the previously adopted values. These differences resulted in changes of −0.02 μmol mol−1, +0.92 580 

μmol mol−1, and −0.91 μmol mol−1 in the assigned Ar, O2, and N2 molar fractions, respectively. Despite these shifts, the contribution 

of the molar masses to the uncertainty of the Ar molar fraction remained negligible because the isotopic abundances were 

determined with high precision. Nevertheless, the observed differences demonstrate that direct determination of the isotopic 

abundances is important for achieving highly accurate gravimetric standards. 

The isotopic compositions of the source gases also influence the interpretation of Ar/N2 measurements. Because these compositions 585 

differed from those of atmospheric air, the measured δ(40Ar/14N14N) values differed systematically from the corresponding total 

δ(Ar/N2) values by approximately 23 per meg – 30 per meg. This offset is substantially larger than the uncertainty of the 

gravimetrically assigned δ(Ar/N2) and therefore cannot be neglected. These results demonstrate that total Ar/N2 ratios, rather than 

the isotope-specific 40Ar/14N14N ratios, should be used when assigning Ar/N2 values with HPAs. Failure to account for differences 

in isotopic composition would introduce a systematic bias comparable to several decades of the long-term atmospheric Ar/N2 trend 590 

reported by Ishidoya et al. (2021). This offset of 23 per meg – 30 per meg is substantially larger than the uncertainty of the HPAs 

and demonstrates that accurate characterization of the isotopic composition is essential for establishing traceable absolute Ar/N2 

scales. 

5.4 Implications for atmospheric observations 

The present study establishes an absolute Ar/N2 calibration framework with substantially reduced uncertainty, an approximately 595 

tenfold improvement over the previous value. The redetermined absolute Ar/N2 ratio of the AIST reference air enabled a 

corresponding revision of atmospheric Ar/N2 values. 

The atmospheric δ(Ar/N2) in 2021 was slightly higher than that in 2015, the difference corresponding to approximately 4 per meg 

in δ(Ar/N2). Although this difference is smaller than the standard uncertainty and therefore does not provide statistically significant 

evidence for an increase in atmospheric Ar/N2, its magnitude is consistent with that expected from the reported long-term trend 600 

(Ishidoya et al., 2021). 

The Ar molar fraction in 2015 reported by Aoki et al. (2019) was recalculated as 9335.51 ± 0.10 μmol mol−1 on the redetermined 

EMRI/AIST scale, indicating that the atmospheric Ar molar fraction increased by 0.20 μmol mol−1 from 2015 to 2021. However, 

this increase does not directly represent a change in the absolute abundance of atmospheric Ar, because molar fractions are also 

affected by variations in the total abundance of other atmospheric constituents, particularly O2 and CO2. The absolute Ar/N2 ratio 605 

therefore provides a more robust metric than the Ar molar fraction for detecting long-term changes associated with oceanic and 

atmospheric processes. 

https://doi.org/10.5194/egusphere-2026-4405
Preprint. Discussion started: 28 September 2026
c© Author(s) 2026. CC BY 4.0 License.



25 

 

Assuming that the atmospheric Ar/N2 trend reported by Ishidoya et al. (2021) continues, the cumulative change would reach 

approximately 23 per meg – 27 per meg over a 30-year period. Such changes are substantially larger than the uncertainty of the 

absolute Ar/N2 framework developed in this study. These results indicate that absolute Ar/N2 measurements have the potential to 610 

detect multidecadal changes associated with ocean heat uptake. 

Because maintaining the scale of Ar/N2 reference air over several decades is inherently challenging, a traceable absolute Ar/N2 

framework provides a robust basis for long-term atmospheric monitoring. The HPAs developed in this study therefore establish a 

foundation for the future use of atmospheric Ar/N2 as an independent tracer of OHC and climate change. 

6 Conclusion 615 

A gravimetric preparation method was developed for highly precise Ar standard mixtures (HPAs) composed of ambient-level CO2, 

Ar, O2, and N2 for atmospheric Ar/N2 measurements. The procedure was improved by introducing pure CO2, Ar, O2, and N2 

independently and by determining the transferred Ar mass from the mass loss of a 0.9 L cylinder using a newly developed high-

precision weighing system. In addition, the isotopic abundances and trace Ar impurities in the source gases were incorporated into 

the gravimetric calculations to achieve the target uncertainty. 620 

Eight HPAs were prepared and independently evaluated. The measured CO2 mole fractions and O2/N2 ratios agreed with the 

gravimetrically assigned values within their combined uncertainties, and the Ar/N2 calibration residuals were consistent with the 

estimated uncertainty. These results demonstrate the validity of the gravimetric assignments and the associated uncertainty 

estimates. 

The resulting standard uncertainty of the Ar/N2 ratio was reduced to approximately 5 per meg, corresponding to about 0.05 μmol 625 

mol−1 in the Ar mole fraction and more than an order of magnitude smaller than that of the previously developed HPOs. Using the 

developed HPAs, the absolute Ar/N2 ratio of the AIST reference air was redetermined as 0.01195567 ± 0.000000011, a 8-fold 

reduction in uncertainty. Application of the revised calibration to atmospheric observations yielded an atmospheric Ar/N2 ratio of 

0.01195497 ± 0.00000013 and an atmospheric Ar mole fraction of 9335.71 ± 0.10 μmol mol−1 for 2021. 

The developed HPAs establish a metrologically traceable framework for absolute atmospheric Ar/N2 measurements. This 630 

framework reduces dependence on the long-term maintenance of reference-air scales and provides a foundation for future 

applications of atmospheric Ar/N2 as an independent tracer of ocean heat uptake and climate change. 
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