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Abstract 

   Atmospheric concentration of sulfur hexafluoride (SF6) has been increasing since the 1960s when it 

began being utilized by industries worldwide. Its contribution to global warming has been a growing 

concern because of its significant impact as a greenhouse gas and its long lifetime in the atmosphere. In 

consequence, SF6 was selected as one of the gases for reduced emissions at the Third Session of the 

Conference of the Parties to the United Nations Framework Convention on Climate Change in 1997.  

   SF6 is also expected to be utilized as a chemical tracer for the circulation and the mixing processes in 

the atmosphere and ocean. It is very difficult to measure SF6 in air and seawater due to its extremely low 

concentration.  

   Highly improved analytical systems and sampling techniques have been examined to measure SF6 in 

air and seawater with high precision. Consequently, the precision of analysis of standard gas having the 

level of atmospheric SF6 concentration was 0.31%, and that for replicate seawater samples with various 

SF6 concentrations was usually 0.8%. 

   In addition, as a result of long-term monitoring for the SF6 standard gas, it became practicable to 

supply SF6 standard gas that does not change in concentration for a long period, and the Meteorological 

Research Institute SF6 Calibration Scale (MRI SF6 Calibration Scale) was established.
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1. 六フッ化硫黄(SF6)について 
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Table 1-1 Physicality of SF6.
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Figure 1-1  Time evolution of atmospheric SF6, CFC-11, CFC-12 and CFC-113. This fi gure is based on Walker et al. (2000), Maiss and 
Brenninkmeijer (1998) and Bullister et al. (2002).
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Figure 1-2  Temperature dependence of solubility for SF6 in water and seawater.

Figure 1-3  Time history of concentration of saturated SF6 in surface seawater.
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2. 分析方法 
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Figure 2-1   Schematic diagram of SF6 analytical system.
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Table 2-1 Analytical columns used for determination of SF6.
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Figure 2-2  Schematic diagram of sample bottle for 
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Table 2-2 Time program for SF6 determination for seawater sample.
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Figure 2-3  Effect of trapping time on SF6 recoveries.
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Table 2-3 Analytical conditions for determination of SF6 by GC-ECD.

－ 17－

気象研究所技術報告　第 51号　2007



3.  標準ガスと標準化 
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Table 3-1 Calibrated values of SF6 Primary Standards.
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Figure 3-1  Change in concentration of SF6 in MRI Primary Standard gases. 
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Figure 3-2  Change in concentration of SF6 in MRI Secondary Standard gases (A series). 

Figure 3-3  Change in concentration of SF6 in MRI Secondary Standard gases (B series).

Table 3-2 Calibrated values of SF6 Working Standards.
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Figure 3-4(a)  Linear and quadratic calibration curves for SF6 calibrated by least squares method (SF6 < 1fmol).
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Figure 3-4(b)  Same as Figure 3-4(a), but SF6 < 4fmol.
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4. 分析システムの性能と観測例 

Table 4-1 (CPB-30555) 10 SF6

10 6.00ppt 0.31%

SF6 %

Table 4-2 (CPB-30551)

0.4fmol/kg
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RF-0610 Table 

4-3
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Table 4-1 Repeatability of atmospheric SF6 
level gas standard analysis.

Table 4-2 Repeatability of low-level gas SF6 
standard analysis.

Table 4-3 Duplicate analysis of SF6 in seawater samples obtained from a Niskin Bottle.
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Figure 4-1  Latitudinal distribution of atmospheric SF6 obtained during RF-0610.

－ 24－

気象研究所技術報告　第 51号　2007



0

500

1000

1500

2000

0 5 10 15 20 25 30

Pr
es

su
re

 (
dB

)

Theta

(a)

0

500

1000

1500

2000

34.1 34.2 34.3 34.4 34.5 34.6 34.7 34.8 34.9

Pr
es

su
re

 (
dB

)

Salinity

(b)

0

500

1000

1500

2000

0 0.2 0.4 0.6 0.8 1 1.2

Pr
es

su
re

 (
dB

)

SF6

(c)

0

500

1000

1500

2000

0 0.5 1 1.5 2 2.5
Pr

es
su

re
 (

dB
)

CFC-12

(d)

0

500

1000

1500

2000

-10 0 10 20 30 40 50 60

SF6 Age
CFC-12 Age

Pr
es

su
re

 (
dB

)

SF6, CFC-12 Age

(e)

0

500

1000

1500

2000

-50 0 50 100 150 200 250 300

Pr
es

su
re

 (
dB

)

AOU

(f)

Figure 4-2  Vertical distribution of (a) potential temperature(˚C), (b) salinity, (c) SF6 concentration (fmol/kg), (d) CFC-12 concentration 
(pmol/kg), SF6 and CFC-12 tracer age (yr) and AOU (μmol/kg) at 137˚E, 30˚N.

－ 25－

気象研究所技術報告　第 51号　2007



SF6 SF6

SF6

SF6 MRI SF6 Calibration Scale

SF6

SF6

－ 26－

気象研究所技術報告　第 51号　2007



Bauer, S., C. Fulda and W. Schafer, A multi-tracer study in a shallow aquifer using age dating tracers 3H,
85Kr, CFC-113 and SF6 – Indication for retarded transport of CFC-113. J. Hydrol., 2248, 14-34 (2001) 

Bullister, J. L., D. P. Wisegarver and F. A. Menzia, The solubility of sulfur hexafluoride in water and 

seawater. Deep-Sea Res., 449, 175-187 (2002) 

Dillon, K. S., D. R. Corbett, J. P. Chanton, W. C. Burnett and D. J. Furbish, The use of sulfur hexafluoride 

(SF6) as a tracer of septic tank effluent in the Florida Keys. J. Hydrol., 2220, 129-140 (1999) 

Elias, L., M. McCooeye and G. Gardner, On-site measurement of atmospheric tracer gases. Geophys. Res. 

Lett., 33, 17-20 (1976) 

Elkins, J. W., D. W. Fahey, J. M. Gilligan, G. S. Dutton, T. J. baring, C. M. Volk, R. E. Dunn, R. C. Myers, S. 

A. Montzka, P. R. Wamsley, A. H. Hayden, J. H. Butler, T. M. Thompson, T. H. Swanson, E. J. 

Dlugokencky, P. C. Novelli, D. F. Hurst, J. M. Lobert, S. J. Ciciora, R. J. McLaughlin, T. L. Thompson, 

R. H. Winkler, P. J. Fraser, L. P. Steele and M. P. Lucarelli, Airborne gas chromatograph for in situ 

measurements of long-lived species in the upper troposphere and lower stratosphere. Geophys. Res. 

Lett., 223, 347-350 (1996) 

Geller, L. S., J. W. Elkins, J. M. Lobert, A. D. Clarke, D. F. Hurst, J. H. Butler and R. C. Myers, 

Tropospheric SF6: observed latitudinal distribution and trends, derived emissions and 

interhemispheric exchange time. Geophys. Res. Lett., 224, 675-678 (1997) 

Harnisch, J. and A. Eisenhauer, Natural CF4 and SF6 on Earth. Geophys. Res. Lett., 225, 2401-2404 (1998) 

Hirota, M. and H. Muramatsu, Gas-chromatographic measurements of atmospheric sulfur hexafluoride. 

Bull. Chem. Soc. Jpn., 559, 329-331 (1986) 

Kjellström, E., J. Feichter and G. Hoffman, Transport of SF6 and CO2 in the atmospheric general 

circulation model ECHAM4. Tellus, 552B, 1-18 (2000) 

Ko, M. K. W., N. D. Sze, W.-C. Wang, G. Shia, A. Goldman, F. J. Murcray, D. G. Murcray and C. P. Rinsland, 

Atmospheric sulfur hexafluoride: sources, sinks and greenhouse warming. J. Geophys. Res., 998,

10499-10507 (1993) 

Krey, P. W., R. J. Lagomarsino and L. E. Toonkel, Gaseous halogens in the atmosphere in 1975. J. Geophys. 

Res., 882, 1753-1766 (1977)  

Law, C. S. and A. J. Watson, Determination of Persian Gulf Water transport and oxygen utilization rates 

using SF6 as a novel transient tracer. Geophys. Res. Lett., 228, 815-818 (2001)  

Law, C. S., A. J. Watson and M. I. Liddicoat, Automated vacuum analysis of sulphur hexafluoride in 

seawater: derivation of the atmospheric trend (1970-1993) and potential as a transient tracer. Mar. 

Chem., 448, 57-69 (1994) 

Law, C. S., A. J. Watson, M. I. Liddicoat and T. Stanton, Sulphur hexafluoride as a tracer of biogeochemical 

and physical processes in an open-ocean iron fertilization experiment. Deep-Sea Res., 445, 977-994 

(1998)

Ledwell, J. R. and A. J. Watson, The Santa Monica Basin Tracer Experiment: a study of diapycnal and 

isopycnal mixing. J. Geophys. Res., 996, 8695-8718 (1991) 

Levin, I., and V. Hesshaimer, Refining of atmospheric transport model entries by the globally observed 

－ 27－

気象研究所技術報告　第 51号　2007



passive tracer distributions of 85krypton and sulfur hexafluoride (SF6). J. Geophys. Res., 1101,

16745-16755 (1996) 

Lovelock, J. E., Atmospheric fluorine compounds as indicators of air movements. Nature, 2230, 379 (1971) 

SF6 - CO2 U01029

16pp., 14  (Magi, M. and K. Shitashima, Estimation of the CO2 exchange process at the Air-Sea 

interface using SF6. Denryokutyuuoukennkyuusyo-houkoku, U01029, 16pp., (2002)) 

Maiss, M. and C. A. M. Breninkmeijer, Atmospheric SF6: trends, sources, prospects. Environ. Sci. Tech., 332,

3077-3086 (1998) 

Maiss, M. and I. Levin, Global increase of SF6 observed in the atmosphere. Geophys. Res. Lett., 221,

569-572 (1994) 

Maiss, M., L. P. Steele, R. J. Francey, P. J. Fraser, R. L. Langenfelds, N. B. A. Trivett and I. Levin, Sulfur 

hexafluoride - A powerful new atmospheric tracer. Atmos. Environ., 330, 1621-1629 (1996) 

Singh, H. B., L. J. Salas and L. A. Cavanagh, Distribution, sources and sinks of atmospheric halogenated 

compounds. J. Air Pollut. Control. Assoc., 227, 333-336 (1977) 

Strunk, M., A. Engel, U. Schmidt, C. M. Volk, T. Wetter, I. Levin and H. Glatzel-Mattheier, CO2 and SF6 as 

stratospheric age tracers: consistency and the effect of mesospheric SF6-loss. Geophys. Res. Lett., 227,

341-344 (2000) 

Tanhua, T., K. A. Olsson and E. Fogelqvist, A first study of SF6 as a transient tracer in the Southern Ocean. 

Deep-Sea Res., 551, 2683-2699 (2004) 

Upstill-Goddard, R. C., A. J. Watson, P. S. Liss and M. I. Liddicoat, Gas transfer velocities in lakes 

measured with SF6. Tellus, 442B, 364-377 (1990) 

Upstill-Goddard, R. C., A. J. Watson, J. Wood and M. I. Liddicoat, Sulphur hexafluoride and helium-3 as 

sea-water tracers: deployment techniques and continuous underway analysis for sulphur hexafluoride. 

Anal. Chim. Acta, 2249, 555-562 (1991) 

Walker, S. J., R. F. Weiss and P. K. Salameh, Reconstructed histories of the annual mean atmospheric mole 

fractions for the halocarbons CFC-11, CFC-12, CFC-113, and carbon tetrachloride. J. Geophys. Res.

105, 14285-14296 (2000) 

Wanninkhof, R., J. Ledwell and W. S. Broecker, Gas exchange-wind speed relation measured with sulfur 

hexafluoride on a lake. Science, 2227, 1224-1226 (1985) 

Wanninkhof, R., J. R. Ledwell and A. J. Watson, Analysis of sulfur hexafluoride in seawater. J. Geophys. 

Res., 996, 8733-8740 (1991) 

Watanabe, Y. W., A. Shimamoto and T. Ono, Comparison of time-dependent tracer ages in the western 

North Pacific: oceanic background levels of SF6, CFC-11, CFC-12 and CFC-113. J. Oceanogr., 559,

719-729 (2003) 

Watson, A. J. and M. I. Liddicoat, Recent history of atmospheric trace gas concentrations deduced from 

measurements in the deep sea: application to sulphur hexafluoride and carbon tetrachloride. Atmos. 

Environ., 119, 1477-1484 (1985) 

Watson, A. J., R. C. Upstill-Goddard and P. S. Liss, Air-sea gas exchange in rough and stormy seas 

measured by a dual-tracer technique. Nature, 3349, 145-147 (1991b) 

－ 28－

気象研究所技術報告　第 51号　2007



Watson, A. J., J. R. Ledwell and S. C. Sutherland, The Santa Monica Basin Tracer Experiment: comparison 

of release methods and performance of perfluorodecalin and sulfur hexafluoride. J. Geophys. Res., 996,

8719-8725 (1991) 

－ 29－

気象研究所技術報告　第 51号　2007



1978

Development of Monitoring Techniques for Global Background Air Pollution. (MRI Special Research Group on Global 

Atmospheric Pollution, 1978) 

1979

Investigation of Ground Movement and Geothermal State of Main Active Volcanoes in Japan. (Seismology and 

Volcanology Research Division, 1979) 

1979

On the Meteorological Tower and Its Observational System at Tsukuba Science City. (T. Hanafusa, T. Fujitani, N. Banno, 

and H. Uozu, 1979) 

1980

Permanent Ocean Bottom Seismograph Observation System. (Seismology and Volcanology Research Division, 1980) 

400m 500m 1,000m 1934 1943 1954 1980

1981

Horizontal Distribution of Temperature in 400m (or 500m) and 1,000m Depth in Sea South of Honshu, Japan and Western

North Pacific Ocean from 1934 to 1943 and from 1954 to 1980. (Oceanographical Research Division, 1981) 

1982

Observations of the Atmospheric Constituents Related to the Stratospheric ozon Depletion and the Ultraviolet Radiation. 

(Upper Atmosphere Physics Research Division, 1982) 

83 1983

Strong Motion Seismograph Model 83 for the Japan Meteorological Agency Network. (Seismology and Volcanology 

Research Division, 1983) 

1984

The Study of Melting of Snowflakes in the Atmosphere. (Physical Meteorology Research Division, 1984) 

1984

Bottom Pressure Observation South off Omaezaki, Central Honsyu. (Seismology and Volcanology Research Division and 

Oceanographical Research Division, 1984) 

10 1984

Statistics on Cyclones around Japan. (Forecast Research Division, 1984) 

11 1984

Observations and Numerical Experiments on Local Circulation and Medium Range Transport of Air Pollutions. 

(Applied Meteorology Research Division, 1984) 

12 1984

Investigation on the Techniques for Volcanic Activity Surveillance. (Seismology and Volcanology Research Division, 

1984)

13 MRI GCM 1984

A Description of the MRI Atmospheric General Circulation Model (The MRI GCM ). (Forecast Research Division, 

－ 30－



1984)

14 7916 1985

A Study on the Changes of the Three - Dimensional Structure and the Movement Speed of the Typhoon through its Life 

Time. (Typhoon Research Division, 1985) 

15 MRI MRI 1985

An Intercomparison Study between the Wave Models MRI and MRI A Compilation of Results

(Oceanographical Research Division, 1985) 

16 1985

Study on Earthquake Prediction by Geophysical Method. (Seismology and Volcanology Research Division, 1985) 

17 1986

Maps of Monthly Mean Surface Temperature Anomalies over the Northern Hemisphere for 1891 1981. (Forecast 

Research Division, 1986)  

18 1986

Studies of the Middle Atmosphere. (Upper Atmosphere Physics Research Division, Meteorological Satellite Research 

Division, Forecast Research Division, MRI and the Magnetic Observatory, 1986) 

19

1986

Studies on Meteorological and Sea Surface Phenomena by Doppler Radar. (Meteorological Satellite Research Division, 

Typhoon Research Division, Forecast Research Division, Applied Meteorology Research Division, and Oceanographical 

Research Division, 1986) 

20 MRI GCM 12 1986

Mean Statistics of the Tropospheric MRI GCM based on 12 year Integration. (Forecast Research Division, 1986) 

21 1983 1986 1987

Multi Directional Cosmic Ray Meson Intensity 1983 1986. (Upper Atmosphere Physics Research Division, 1987) 

22  1987

Study on Analysis of Volcanic Eruptions based on Eruption Cloud Image Data obtained by the Geostationary 

Meteorological satellite (GMS). (Seismology and Volcanology Research Division, 1987) 

23 1988

Marine Climatological Atlas of the sea of Okhotsk. (Y. Shinohara and N. Shikama, 1988) 

24 1989

Response Experiment of Pacific Ocean to Anomalous Wind Stress with Ocean General Circulation Model. 

(Oceanographical Research Division, 1989) 

25 1989

Seasonal Mean Distribution of Sea Properties in the Pacific. (Oceanographical Research Division, 1989) 

26 1990

Database of Earthquake Precursors. (Seismology and Volcanology Research Division, 1990) 

27 1991

Characteristics of Precipitation Systems During the Baiu Season in the Okinawa Area. (Typhoon Research Division, 

1991)

－ 31－



28 1991

Description of a Nonhydrostatic Model Developed at the Forecast Research Department of the MRI. (M. Ikawa and K. 

Saito, 1991) 

29

1992

A Synthetic Study on Cloud Radiation Processes. (Climate Research Department, Physical Meteorology Research 

Department, Applied Meteorology Research Department, Meteorological Satellite and Observation System Research 

Department, and Typhoon Research Department, 1992) 

30 1992

Studies of Energy Exchange Processes between the Ocean Ground Surface and Atmosphere. (M. Mikami, M. Endoh, H. 

Niino, and K. Yamazaki, 1992) 

31 30 1993

Seasonal Transition in Japan, as Revealed by Appearance Frequency of Precipitating-Days. Statistics of Daily 

Precipitation Data During 30 Years (T. Akiyama, 1993) 

32 1994

Observational Study on the Prediction of Disastrous Intraplate Earthquakes. (Seismology and Volcanology Research 

Department, 1994) 

33 1994

Intercomparisons of Meteorological Observation Instruments. (Meteorological Satellite and Observation System Research 

Department, 1994) 

34 1995

The Long Range Transport Model of Sulfur Oxides and Its Application to the East Asian Region. (Applied Meteorology 

Research Department, 1995) 

35 1995

Studies on Wind Profiler Techniques for the Measurements of Winds. (Meteorological Satellite and Observation System 

Research Department, 1995) 

36 1996

Geochemical Studies and Analytical Methods of Anthropogenic Radionuclides in Fallout Samples. (Geochemical 

Research Department, 1996) 

37 1995 1996 1998

Geochemical Study of the Atmosphere and Ocean in 1995 and 1996. (Geochemical Research Department, 1998) 

38 1999

Vertically 2-dmensional Nonlinear Problem. (H. Kanehisa, 1999) 

39 2000

Study on the Objective Forecasting Techniques Forecast Research Department, 2000

40 2000

Study on Stress Field and Forecast of Seismic Activity in the Kanto Region Seismology and Volcanology Research 

Department, 2000

41

－ 32－



2000

Coulometric Precise Analysis of Total Inorganic Carbon in Seawater and Measurements of Radiocarbon for the Carbon 

Dioxide in the Atmosphere and for the Total Inorganic Carbon in Seawater I.Masao, H.Y.Inoue and H.Matsueda, 2000

42 2001

Documentation of the Meteorological Research Institute / Numerical Prediction Division Unified Nonhydrostatic 

Model(Kazuo Saito, Teruyuki Kato, Hisaki Eito and Chiashi Muroi 2001)

43

( ) 2004

Precise measurements of atmospheric and oceanic chlorofluorocarbons and MRI chlorofluorocarbons calibration 

scale(Takayuki Tokieda and Hisayuki Y. Inoue 2004)

44 PostScript "PLOTPS" 2004

Documentation of "PLOTPS": Outputting Tools for PostScript Code(Teruyuki Kato 2004)

45

2004

Re-evaluation for scale and stability of CO2 standard gases used as long-term observations at the Japan Meteorological 

Agency and the Meteorological Research Institute (Hidekazu Matsueda, Kazuto Suda, Sakiko Nishioka, Toshirou Hirano, 

Yousuke, Sawa, Kazuhiro Tuboi, Tsutumi, Hitomi Kamiya, Kazuhiro Nemoto, Hideki Nagai, Masashi Yoshida, Sonoki 

Iwano, Osamu Yamamoto, Hideaki Morishita, Kamata, Akira Wada 2004)

46 , 2005

A Study to Improve Accuracy of Forecasting the Tokai Earthquake by Modeling the Generation Processes (Seismology 

and Volcanology Research Department, 2005) 

47 . , 2005

Meteorological Research Institute Community Ocean Model (MRI.COM) Manual (Oceanographical Research 

Department, 2005) 

48 , 2005

Study of Precipitation Mechanisms in Snow Clouds over the Sea of Japan and Feasibility of Their Modification by 

Seeding (Physical Meteorology Research Department, Forecast Research Department, 2005) 

49 2004 , 2006

Summary of Landfalling Typhoons in Japan, 2004 (Typhoon Research Department, 2006) 

50 2003 , 2006

2003 Intercomparison Exercise for Reference Material for Nutrients in Seawater in a Seawater Matrix (Michio Aoyama, 

2006)

－ 33－



1 9 4 6 21

ISSN 0386-4049 
51

20

305-0052
TEL(029)853-8535 

気象研究所技術報告　ISSN 0386-4049

第 51 号

平成 19 年 12 月　発行

編 集 兼
発 行 者
 〒 305-0052　茨城県つくば市長峰１－１
 TEL(029)853-8535

印 刷 者 株式会社アサヒビジネス

 〒 314-0022　茨城県鹿嶋市長栖 1879-275

気　象　研　究　所




