Atmos. Meas. Tech., 4, 2441–2451, 2011
www.atmos-meas-tech.net/4/2441/2011/
doi:10.5194/amt-4-2441-2011
© Author(s) 2011. CC Attribution 3.0 License.

Atmospheric
Measurement
Techniques

Improving measurements of SF6 for the study of atmospheric
transport and emissions
B. D. Hall1 , G. S. Dutton2 , D. J. Mondeel2 , J. D. Nance2 , M. Rigby3 , J. H. Butler1 , F. L. Moore2 , D. F. Hurst2 , and
J. W. Elkins1
1 NOAA

Earth System Research Laboratory, Boulder, CO 80305, USA
Institute for Research in Environmental Sciences, University of Colorado, Boulder, CO 80309, USA
3 Center for Global Change Science, Massachusetts Institute of Technology, 77 Massachusetts Ave., Cambridge, 02139 MA,
USA
2 Cooperative

Received: 9 June 2011 – Published in Atmos. Meas. Tech. Discuss.: 4 July 2011
Revised: 20 October 2011 – Accepted: 25 October 2011 – Published: 14 November 2011

Abstract. Sulfur hexafluoride (SF6 ) is a potent greenhouse gas and useful atmospheric tracer. Measurements
of SF6 on global and regional scales are necessary to estimate emissions and to verify or examine the performance of
atmospheric transport models. Typical precision for common gas chromatographic methods with electron capture detection (GC-ECD) is 1–2 %. We have modified a common GC-ECD method to achieve measurement precision
of 0.5 % or better. Global mean SF6 measurements were
used to examine changes in the growth rate of SF6 and
corresponding SF6 emissions. Global emissions and mixing ratios from 2000–2008 are consistent with recently published work. More recent observations show a 10 % decline in SF6 emissions in 2008–2009, which seems to coincide with a decrease in world economic output. This decline was short-lived, as the global SF6 growth rate has recently increased to near its 2007–2008 maximum value of
0.30 ± 0.03 pmol mol−1 (ppt) yr−1 (95 % C.L.).

1

Introduction

Sulfur hexafluoride (SF6 ) is a potent greenhouse gas with a
global warming potential (100 yr time horizon) 22 800 times
that of carbon dioxide (Forster et al., 2007). Because of its
very long lifetime (800–3200 yr) (Ravishankara, et al., 1993;
Morris et al., 1995) and the fact that the only known sink
is destruction in the mesosphere, the atmospheric burden is
Correspondence to: B. D. Hall
(bradley.hall@noaa.gov)

essentially equal to the total amount of SF6 emitted during
the industrial era. While some voluntary efforts to reduce the
amount of SF6 emitted to the atmosphere have been made
(Harnisch and Gluckman, 2001; US EPA, 2008) the atmospheric concentration continues to rise (Elkins and Dutton,
2009; Levin et al., 2010; Rigby et al., 2010). Efforts to quantify SF6 emissions have been performed using bottom-up inventories and top-down methods based on atmospheric concentration and variability (UNFCCC, 2010; Maiss and Brenninkmeijer, 1998; Bakwin et al., 1997; Hurst et al., 2007;
Levin et al., 2010; Rigby et al., 2010). Reconciling discrepancies between top-down and bottom-up emissions should,
in principle, be relatively simple compared to other greenhouse gases for which there are natural sources or sinks that
are more difficult to quantify (eg. N2 O and CH4 ). Still, discrepancies between bottom-up and top-down emissions estimates of SF6 remain (Levin et al., 2010), and estimating
emissions on regional scales by top-down methods remains
challenging (Rigby et al., 2010). Measurement precision is
one of the limiting factors in estimating emissions through
atmospheric inversion methods (Rigby et al., 2010).
Measurements of atmospheric SF6 obtained by a number of researchers around the world are used to examine
trends in SF6 emissions (Levin et al., 2010; Rigby et al.,
2010), evaluate atmospheric transport models (Levin and
Hesshaimer, 1996; Gloor et al., 2007; Patra et al., 2009),
and for the study of stratospheric circulation and the calculation of air mass mean age (Park et al., 1999, Engel et al.,
2008, Ray et al., 2010). The predominant method of SF6
measurement involves gas chromatography with detection
by electron capture detector (ECD) or mass selective detector (MSD). Although pre-concentration has been used
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(Wanninkhof, 1991; Miller et al, 2008), the ECD is sufficiently sensitive to SF6 that pre-concentration is generally
not required. With the ECD, SF6 is typically separated from
other ECD-sensitive gases using packed columns, such as
molecular sieve 5A (Simmonds et al., 1972) or Porapak-Q
(Elkins, 1980; Elkins et al., 1996; Hall et al., 2007); Because nitrous oxide (N2 O) and SF6 can both be resolved using Porapak-Q (or Hayesep-Q) columns, this method is commonly employed (Worthy et al., 2003; van der Laan et al.,
2009; Thompson et al., 2009). Hayesep-Q and Porapak-Q
are similar in their characteristics and result in similar chromatography. Typical precision for most ambient SF6 measurements using ECDs is 1–2 %. Better precision can sometimes be achieved using pre-concentration, but this adds additional complexity, and is not as common as loop-injection
air samples.
Here we describe GC systems used to perform SF6 calibrations since 1999. We first describe a Porapak-Q-based
system similar to that used to measure SF6 in NOAA/ESRL
flask samples of ambient air since 1995 (Geller et al., 1997).
Then we describe how this method was modified to improve
SF6 precision on a laboratory-based GC used for calibration,
and also on one in situ system. Finally, we use global and
hemispheric mean SF6 from NOAA/ESRL flask and in situ
networks to examine recent changes in emissions of SF6 .
The main advantage to the method described here is that
it involves a relatively simple conversion of a GC method
commonly used for N2 O and SF6 measurement that improves
SF6 without compromising N2 O. While laser-based N2 O instruments are emerging, gas chromatography with electron
capture detection is commonly used for SF6, and GC-ECD
systems measuring both N2 O and SF6 will likely be used for
the foreseeable future.

2

Methods

The chromatography often associated with the measurement
of SF6 is basically the same as that used to measure N2 O
(Elkins 1980; Elkins et al., 1996; Hall et al., 2007). Typically, a 10-port or 12-port, 2-position gas sample valve
(GSV) is used to direct an air sample through two columns
and an ECD. With calibration and in situ systems we currently use a 12-port GSV (Valco Instrument Co., Houston,
TX) operated in “heart cut” mode to prevent the majority of
the oxygen/nitrogen in the sample from reaching the ECD
(Fig. 1). Upon injection, the sample is directed onto the precolumn. When the gases of interest reach the main column,
the GSV is switched (Table 1), directing flow from the main
column to the ECD, while flow through the pre-column is reversed (backflushed) to prevent unwanted compounds from
accumulating on the main column. A pressure perturbation
results in a slight baseline change, followed by the elution of
N2 O and SF6 (Fig. 2a). The SF6 precision, defined as one
standard deviation of a series of 8–10 determinations of SF6
Atmos. Meas. Tech., 4, 2441–2451, 2011

concentration, is typically 1–2 %. Changes in ECD response
(drift) are monitored by alternating the unknown with injections of a natural-air working standard. Both 5 % Ar in CH4
(P-5) and nitrogen with dynamic CO2 doping have been used
with similar SF6 precision (Moore et al., 2003; Hall et al.,
2007). Table 1 shows the evolution of dedicated calibration
instruments from 1999 to present.
In 2006 we were using an Agilent ECD (G1533A) with
two Porapak-Q columns and CO2 -doped N2 carrier gas (Hall
et al., 2007; version 2 in Table 1). This system was modified in June 2006 by adding a third column (post-column).
The three-column method was first described by Moore et
al. (2003), who used this method for balloon-borne measurements of N2 O and SF6 at 70 s resolution. The objective of
Moore et al. (2003) was to improve the temporal resolution of
N2 O and SF6 by speeding up the chromatography. The work
described here was done specifically to improve SF6 precision without compromising N2 O. While conceptually similar, motivation and optimization of the two systems differed.
The change to the three-column system involved decreasing the lengths of the Porapak-Q columns and adding a
post-column (molecular sieve 5A, 185 ◦ C) to the end of the
Porapak-Q main column. The effective “main” column thus
consists of a Porapak-Q column in series with a MS-5A column, operating at different temperatures. The MS-5A column was installed in a custom-built heated zone, controlled
with an Omega (Omega Engineering, Stamford, CT) temperature controller (185 ± 0.1 ◦ C). The temperature of the
Porapak-Q columns (both pre and main) was increased from
56 ◦ C to 90 ◦ C. In this way, the Porapak-Q columns are used
only to separate N2 O and SF6 from “air”. N2 O and SF6 elute
from the Porapak-Q columns at nearly the same time and are
separated from each other on the MS- 5A column. Because
N2 O is more retentive than SF6 on MS-5A the order of elution is reversed compared to using Porapak-Q alone (Fig. 2).
SF6 elutes earlier in the chromatogram, resulting in a gain in
peak height without an increase in noise. During the modification period, MS-5A 80/100 mesh was tried. However,
the higher mesh was too restrictive and was abandoned in
favor of 40/60 mesh. We also experimented with different
lengths of MS-5A column, and different Porapak-Q temperatures. A balance must be reached in which the N2 O and
SF6 are sufficiently separated from oxygen (air) but not separated from each other as they enter the post-column. If the
Porapak-Q columns are too cool, N2 O and SF6 will separate
in the wrong order and then must be re-separated on the MS5A column. There is also a potential drawback in operating
the Porapak-Q columns at too high of a temperature as the
porous polymer could be oxidized in the presence of oxygen.
Our system has been operating at 90 ◦ C since 2006 and we
have not observed evidence of degradation.
Once the new columns were installed, we used a thermal
conductivity meter to detect the air peak eluting from the
MS-5A column while in “inject” mode (in which the air peak
is vented). Identifying the timing of the air peak helps to set
www.atmos-meas-tech.net/4/2441/2011/
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Table 1. Configuration of three SF6 GCs used for calibration since 1999.
Version 1

Version 2

Version 3

Period of use

Sep 1999–Feb 2003

Feb 2003–Jun 2006

Jul 2006–present

Pre-column

Post-column

2m × 3.7 mmI.D.,
4.76 mm O.D.
Porapak-Q, 80/100 mesh
3 m × 3.7 mm I.D.,
4.76 mm O.D.
Porapak-Q, 80/100 mesh
NA

2m × 3.7 mm I.D.,
4.76 mm O.D.
Porapak-Q, 80/100 mesh
3 m × 3.7 mm I.D.,
4.76 mm O.D.
Porapak-Q, 80/100 mesh
NA

Pre-column T (◦ C)
Main-column T (◦ C)
Post-column T (◦ C)
Flow control
Detector
Carrier gas
CO2 at ECD outlet (ppm)
SF6 retention time (s)
SF6 peak width (s)
N2 O retention time (s)
N2 O peak width (s)
ECD T (◦ C)
Run time (s)
GSV switch (s)
CO2 retention time (s)

55
55
NA
MFC
Valco (140BN)
5 % CH4 /Ar (P-5)
NA
∼440
∼24
∼345
∼18.5
350
1800
240
∼270

56
56
NA
MFC/EPC
Agilent (G1533A)
N2 (w/CO2 doping)
∼1650
515–545
30
405–435
23
340
900
300–320
∼365

1m × 3.7 mm I.D.,
4.76 mm O.D.
Porapak-Q, 80/100 mesh
2 m × 3.7 mm I.D.,
4.76 mm O.D.
Porapak-Q, 80/100 mesh
0.91 m × 3.18 mm O.D.
O.D. sieve mol.5A
40/60 mesh
90
90
185
EPC
Agilent (G1533A)
N2 (w/CO2 doping)
∼2500
305
23
410
27
340/370
720
180
∼475

Main column

T : temperature; MFC: mass flow controller; EPC: electronic pressure controller.

the timing of the GSV switch. With a main carrier gas flow
rate of 31 sccm, the air peak was observed at 125 s. We then
performed several injections to optimize the valve timing. At
switch times between 170 and 195 s, N2 O and SF6 remained
constant. A switch time of 180 s was chosen, which resulted
in retention times of 305 and 410 s for SF6 and N2 O respectively. The lengths of our Porapak-Q columns were chosen as
a matter of convenience (i.e. already available). Other combinations may also be suitable.
Following the column changes, the CO2 doping level
was adjusted for optimal N2 O response. High-purity CO2
is added through a crimped tube (10 cm × 1.58 mm O.D.,
0.127 mm I.D.) and enters the flow stream prior to the ECD.
The CO2 flow rate (∼0.08 cc min−1 ) is controlled through a
constant head pressure on the crimp. The N2 O and SF6 responses were tested at different CO2 pressure settings. The
N2 O response showed a maximum at about 124 kPa, which
corresponds to 2500 ppm CO2 in the ECD. The SF6 response
declined with increasing CO2 (Fig. 3).
One potential drawback with this technique is that CO2
may co-elute with N2 O, depending on the operating temperature of the MS-5A column. In the present case, CO2 elutes
under the tail of the N2 O peak (Fig. 2b). All of our systems that employ the 3-column method also employ N2 carwww.atmos-meas-tech.net/4/2441/2011/

rier gas with CO2 doping. Thus, the amount of CO2 present
in the detector is only slightly perturbed as the sample CO2
elutes. It is desirable to set the CO2 concentration such that
the N2 O response is insensitive to small changes in CO2 , i.e.
not affected by varying amounts of CO2 in the sample or
by small changes in the pressure of the dopant delivery system. At 2500 ppm CO2 , the sensitivity to ± 10 ppm fluctuations in CO2 dopant is a factor of 10 less than the typical
1-σ precision for both N2 O and SF6 . Insensitivity to sample
CO2 was further verified by comparing air samples with and
without CO2 (CO2 was completely removed using sodium
hydroxide-coated silica – Ascarite). The response ratios for
samples with and without CO2 was 0.99964 ± 0.00033 for
N2 O and 0.9998 ± 0.0046 for SF6 , which translates into biases of 0.1 ppb and 0.001 ppt, respectively, and is insignificant considering the much smaller natural variations of CO2
in the atmosphere.
The use of CO2 doping may also minimize interference
between N2 O and CO that might be produced from Porapak.
Any CO produced would likely react on hot metal surfaces
to form CO2 (Fehsenfeld et al., 1981), which could interfere
with N2 O if not for the excess CO2 supplied by doping. We
have not determined if column-generated CO interferes with
N2 O when using P-5 carrier gas.
Atmos. Meas. Tech., 4, 2441–2451, 2011
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1. Diagram of 12-port gas sample valve (GSV) in (a) load, and (b) inject modes. Note that Air (O2 /N2 ) is vented during inject mode,
and the sample is directed from the main and post columns to the ECD in load mode.
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Figure 2: Sample chromatograms from two-column N2O/SF6 analysis system (upper panel,
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Prior to installing the post-column, mass flow controllers
were replaced with electronic pressure controllers (EPC), and
used to set the head pressures on the main and pre-columns.
This was done to reduce the effects of changes in room pressure on flow rates. The EPCs are less sensitive to changes in
ambient pressure, possibly because
they control pressure rel23
ative to a reference pressure (ambient pressure in this case)
and thus maintain a constant 1P relative to the ECD outlet.
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Calibration instruments

With the three-column system, the SF6 precision was improved from 1–2 % to better than 0.5 %. SF6 precision determined from analysis of various gas standards is shown in
Fig. 4. The signal to noise (calculated as SF6 peak height
of a 5.8 ppt sample relative to the standard deviation of
the ECD baseline under stable conditions) improved from
∼115 to ∼160 following the addition of the post-column.
The SF6 peak height increased by 37 % while the baseline noise remained unchanged. The mean precision for
5-month periods before and after the addition of the postcolumn (from 40 ambient-level samples in each period) was
0.72 (std. dev. 0.24) % and 0.45 (0.13) %, respectively. Prior
to the addition of the post-column precision was variable, and
seemed to show some improvement in late 2005 resulting
from a change in the crimp used to control CO2 dopant flow.
The change from mass flow controllers to electronic pressure
controllers (early 2006) may have also helped, but the largest
improvement corresponds with the addition of the MS-5A
post-column in mid-2006 (Fig. 4, lower panel). The change
in flow controllers did not result in decreased variability
of the SF6 retention time. In fact, a significant reduction
in retention time variability occurred following the addition
of the post column (σ = 0.18 s with EPC and two columns,
σ = 0.10 s with EPC and three columns) rather than with the
installation of the EPC. Further, a change in flow controllers
(from custom-built MFC to commercial MFC, Pnucleus Tecnologies, Hollis, NH) on two separate systems using only
Porapak-Q columns (installed at South Pole and Summit,
Greenland) made little difference to the SF6 precision.

www.atmos-meas-tech.net/4/2441/2011/
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Fig. 3. Effect of CO2 on SF6 (left axis, closed circles) and N2 O
(right axis, open squares) response (arbitrary units).
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A substantial benefit is that the current system has been
538
essentially maintenance-free over the last four years. SF6
539
retention time, peak width, and peak response have remained
540
very stable since the modifications were made. Compared to
541
our original system (Version 1), the use of N2 carrier gas has
eliminated some of the variability caused by variations in P5 quality. High-purity nitrogen is more easily obtained, and
the quality of N2 is more consistent than that of P-5, which
can sometimes contain significant amounts of SF6 (Elkins et
al., 1996).
The improvements in precision and stability have allowed
us to develop an improved reference
scale for SF6 based
24
on standards prepared by gravimetric methods. Nine compressed gas standards were prepared between 2003 and 2005
as described in Hall et al. (2007). These were combined with
seven standards prepared in 2000 to establish the NOAA2006 SF6 calibration scale (adopted by WMO/GAW) over
the range 1–10 ppt (dry air mole fraction) (Table 2) (see
also http://www.esrl.noaa.gov/gmd/ccl/sf6 scale.html). The
NOAA-2006 scale compares within 0.01 ppt with the Scripps
Institution of Oceanography (SIO-05) (Rigby et al., 2010)
and within 0.03 ppt of the University of Heidelberg Scale
(Hall et al., 2011).
With GC version 3, the standards were analyzed several
times relative to a natural-air working standard. The response was linear and a fit of the relative response (peak
height) showed a zero intercept. Although a zero intercept
was expected from previous work, we were not able to confirm this until the improved precision was realized with GC
version 3. This important feature means that calibrations can
be carried out by ratio to a single working standard as long
as the response remains linear. We are exploring the range
over which linearity can be assumed; currently 1–10 ppt. Reproducibility (1-σ ) of SF6 assignments has improved from
0.05-0.07 ppt using GC version 1, to 0.03–0.05 ppt using GC
version 2, and finally to <= 0.02 ppt using GC version 3.
Five secondary natural air standards (3–11 ppt) are used to
verify the instrument response function (calibration run) evwww.atmos-meas-tech.net/4/2441/2011/
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ery other month. The SF6 response function is stable enough
that more frequent calibration is not necessary. This was not
true of GC version 1. Secondary standards were assigned
values on the NOAA-2006 scale. Using the five secondary
standards to predict the value of the working standard during
each calibration run (linear model (a): Y = aX), we find that
the predicted value of the working standard has varied by
no more than 0.011 ppt over a three-year period. The standard deviation of predicted values is 0.003 ppt. Similar re25
sults were achieved linear model (b): Y = aX + b. In this
case the range of predicted values varied by no more than
0.013 ppt and the standard deviation of all predictions was
0.004 ppt.
Regular analysis of other natural air standards also shows
improved precision and stability (Fig. 5). The reproducibility
of SF6 assignments is particularly good following the 2006
modifications. Standard deviations of a “target” standard analyzed between mid-2006 and 2009 are 0.012 and 0.014 ppt
using linear models (a) and (b) respectively. Other secondary
standards show similar precision on repeated analysis. The
long-term precision is comparable to the short-term precision, indicating that there are no significant long-term variations that would lead to a time-dependent bias. Regulator
effects might be one reason why SF6 measurement precision
is better for the working standard (blue symbols in Figs. 4
and 5) compared to the target cylinders. We have noticed
that some regulators seem to perform better than others, even
among the same model number. While long-term conditioning to the air stream (i.e. dedicated regulators) may help in
some cases, it does not always lead to improvements.
We have performed limited testing of the current configuration (version 3 in Table 1) with an Agilent µ-ECD
Atmos. Meas. Tech., 4, 2441–2451, 2011
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Table 2. Standards that define the NOAA-2006 SF6 calibration
scale.
Year

Prepared (ppt)

Assigned (ppt)

FA-1861
FA-1878
FA-1843
FA-1850
FA-1851
FA-1856
FA-1865
FA-2205
FA-2207
FA-2208
FA-1940
FA-2139
FA-2557
FA-2567
FA-2569
FA-2585

2000
2000
2000
2000
2000
2000
2000
2000
2003
2003
2005
2005
2005
2005
2005
2005

2.41
2.91
4.73
4.51
4.32
1.14
4.12
4.94
5.98
6.97
1.52
3.13
3.86
5.99
7.92
9.83

2.39
2.89
4.76
4.53
4.35
1.15
4.13
4.92
5.98
7.01
1.49
3.14
3.85
6.02
7.90
9.79

Residual (ppt)
−0.02
−0.02
0.03
0.02
0.02
0.01
0.01
−0.02
0.00
0.03
−0.03 541
0.01 542
−0.01 543
0.03
−0.02
−0.04

Deviation from Assigned Value (ppt)

Cylinder

3.2

In situ instrument

We have also performed modifications similar to those described above to an in situ N2 O and SF6 measurement system
installed at a mountain site (Niwot Ridge) in Colorado. The
original GC configuration was similar to version 1 (Valco
ECD), but is now operated with a MS-5A post-column and
CO2 -doped N2 carrier gas similar to version 3. Figure 6
shows hourly data from this site for selected periods in 2006
and 2009. SF6 precision during periods without obvious pollution events was ∼2 % in 2006 and <0.5 % in 2009, a factor
of four improvement. Small pollution events can be seen in
Fig. 6b, which would have gone undetected earlier.
In addition to the post-column, mass flow controllers used
to control carrier gas flows and electrical connections to the
ECD were replaced. The improvement in SF6 precision is
due to a combination of these modifications, which were performed simultaneously. We do not know exactly how much
the addition of the post-column contributed to the improved
precision on this instrument. Similar changes to the MFCs
on two other systems had little effect.
Atmos. Meas. Tech., 4, 2441–2451, 2011

0.05

0.00

-0.05

-0.10

-0.15
2004

2005

2006

2007

2008

2009

2010

2011

Fig. 5.5: Reproducibility
of6SF
assignments.
2006
6 calibration
Figure
Reproducibility of SF
calibration
assignments.
Since 2006 Since
the mean
deviation has
the mean deviation has been −0.005 ppt, 0.002, and 0.005 ppt for
4.27, 5.35, and 6.04 ppt target standards, respectively.
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3.3

(G2397A). An Agilent µ-ECD was installed in the calibration
GC and the column outlet was simply moved from one detector to the other while all operating conditions remained
the same. The smaller internal volume of the µ-ECD results
in peaks with slightly smaller peak width (see Supplement
Fig. S1). While the optimal CO2 dopant concentration is
lower with the Agilent µ-ECD (500–700 ppm) (A. Crotwell,
personal communication, 2010) compared to the Agilent
ECD (∼2500 ppm), precision, peak shape, and baseline behavior are similar. While we have not used this technique
with a µ-ECD for extended periods of time, limited testing
suggest that this technique is fully compatible with the µECD.

4.27 ppt (aluminum)
5.35 ppt (stainless steel)
6.04 ppt (aluminum)

0.10

A history of atmospheric SF6

A history of global atmospheric SF6 was compiled from a
combination of grab samples (flasks) and in situ measurements obtained by the NOAA/ESRL halocarbons group at
multiple sites dating to 1995. A history based on two observing programs (one based on flasks and the other in situ) was
developed by combining flask and in situ results into a single integrated record at each observing site. Both flask and
in situ records offer different advantages and dis-advantages.
Flask observations yield greater spatial coverage with lower
temporal resolution. Flasks are analyzed on a single laboratory instrument, which should, in principle, be subject to
fewer calibration and operational issues than instruments located at remote sites. However, because a single instrument
is used, instrument malfunction or performance would affect
26
all flasks analyzed during that period. In situ observations
offer greater temporal resolution but lower spatial coverage
compared to flasks. Calibration transfer issues would likely
be averaged out over time since each in situ instrument is
calibrated independently. Flask and in situ instruments are
calibrated using two natural-air working standards (one at
near-ambient level, and one diluted by 10 % with SF6 -free
air) to account for non-linearity. These standards are traceable to the NOAA-2006 scale via the primary calibration GC
(described above) and are replaced about every 2 yr. A 10 %
concentration difference is generally sufficient to establish
the SF6 response curve (assumed linear over this range) because these instruments are located in remote places where
SF6 concentrations seldom exceed that of the highest working standard by more than 20 %. We have observed a slight
non-linear behavior of the ECD in the calibration instrument,
but errors are less than 0.03 ppt at concentrations within 30 %
of the working standard.
Figure 7 shows global and hemispheric mean SF6 from
1995 to present from the integrated SF6 record. SF6 data
from six in situ sites (BRW, SUM, NWR, MLO, SMO, SPO)
www.atmos-meas-tech.net/4/2441/2011/
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Fig. 6. Time series of SF6 at Niwot Ridge, Colorado showing baseTime series of SF6 at Niwot Ridge, Colorado showing baseline conditions and
line conditions and pollution
events during two periods: (a) prior to
pollution events during two periods: (a) prior to GC modification; (b) following GC
GC modification; (b) following GC modification. Both panels show
modification. Both panels show a smooth fit to baseline data (approximate) (red lines).
a smooth fit to baseline data (approximate) (red lines).
Figure 6:
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were merged with flask data from twelve sites (ALT, SUM,
BRW, MHD, NWR, THD, MLO, KUM, SMO, CGO, PSA,
SPO) (see Table 3, Supplement Fig. S2). At sites in which
both flask and in situ data exist, monthly mean (flask) and
median (in situ) were averaged together weighted by standard deviation. Data gaps (typically only a few months) were
27 Monthly median in situ data
filled using linear interpolation.
were used instead of monthly mean in order to minimize the
effects of local influence in the in situ records. Flasks are
normally collected under background conditions. In most
cases 3–5 flasks pairs per month were combined with ∼400–
700 hourly in situ samples (data source:http://www.esrl.noaa.
gov/gmd/hats/combined/SF6.html).
The history was extended to the mid-1980’s by analyzing
cylinders of air collected at Niwot Ridge, Colorado. The
archive consists mostly of 29.5-l aluminum cylinders collected specifically as archive samples to be stored, or used
as working standards and not completely exhausted. Archive
samples were screened for background conditions by examining trace gases such as CFC-12 as well as local wind direction at the time of sampling. Eight out of 68 potential archive
samples were rejected based on concentrations of CFC-12,
CFC-11, and/or wind direction not having been consistent
with background air masses.
The integrated data set consists of both high-frequency in
situ measurements and low frequency flask measurements.
The uncertainty (standard error) for each month at each site
was calculated using an effective number of independent
measurements (Neff ). Although there are as many as 744
individual measurements per month at some sites, not all
measurements are independent. We estimated the number
www.atmos-meas-tech.net/4/2441/2011/
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2005). A linear fit of global mean SF6 as a function of time (t) from
1986–2005 yields: y = 1.25(0.01) + 0.215(0.001) × (t–1985).

of independent samples by calculating the time scale of auto
correlation of hourly samples. Typically, hourly samples are
auto-correlated (ρ > 0.1 ) for 12–48 h at a time at each site.
This seems to correspond to the timescales of diurnal cycles
or synoptic wave activity. Thus, we estimate that a monthly
median estimate of SF6 concentration consists of ∼15 independent estimates from in situ data and 3–4 independent
estimates from flasks. Monthly standard deviations for each
site were scaled by the square28 root of Neff . The monthly
uncertainty at each site was then determined as the massweighted mean standard error from each program (flasks and
in situ) when data from both programs were available. An
additional uncertainty was introduced when the mean mole
fraction from each program differed by more than the combined standard errors. Hence, differences between two independent systems are incorporated as an additional term in
the uncertainty. The mean difference between global mean
SF6 computed using flask and in situ data from 2000–2010
is < 0.01 ppt (see Fig. S3).
Monthly mean data were averaged in a mass-weighted (cosine latitude) fashion across seven latitude bins to produce
global and hemispheric means. Uncertainty in the global
mean was estimated by computing the global mean numerous times (Monte-Carlo method), randomly adjusting the
monthly mean at each station within a 2-σ window (Normal distribution). Further, data gaps (up to 30 % of the data)
were introduced at random to test the robustness of the gapfilling interpolation method. The integrated global mean data
record shown in Fig. 7 was derived from 500 simulations.
Global mean SF6 from 1985–2005 can be approximated
by the function y = 0.125 ± (0.012) + 0.215 ± (0.001) × (t–
1985). This function supersedes that of Geller et al. (1997),
and results from an updated SF6 calibration scale, reanalysis
Atmos. Meas. Tech., 4, 2441–2451, 2011
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Table 3. Sampling sites.
Sampling site

Abbr.

Lat., Long.

Alt. (masl)

Obs.

Alert, Nunavut
Summit, Greenland
Barrow, AK
Mace Head, Ireland
Trinidad Head, CA
Niwot Ridge, CO
Cape Kumukahi, HI
Mauna Loa, HI
Cape Matatula, Am. Samoa
Cape Grim, Australia
Palmer Station, Antarctica
South Pole, Antarctica

ALT
SUM
BRW
MHD
THD
NWR
KUM
MLO
SMO
CGO
PSA
SPO

82.5, −62.5
72.6, −38.5
71.3, −156.6
53.3, −9.9
41.1, −124.2
40.0, −105.5
19.5, −154.8
19.5, −155.6
−14.2, −170.6
−40.7, 144.7
−64.9, −64.0
−90.0, −24.8

54
3238
30, 30
25
107
3523, 3025
3
3397, 3397
77, 77
94
10
2810, 2810

flask
in situ
flask, in situ
flask
flask
flask, in situ
flask
flask, in situ
flask, in situ
flask
flask
flask, in situ
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of the archive samples analyzed by Geller et al. (1997), improved measurement precision, and a longer data record.
3.4

SF6 growth rates

Global monthly mean SF6 concentrations were used to derive global SF6 growth rates by subtracting global monthly
mean concentrations in successive years (e.g. January 2003–
January 2002, February 2003–February 2002, etc.) (Fig. 8).
Because SF6 is extremely long-lived in the atmosphere, the
increase in SF6 concentration from one year to the next is
essentially proportional to the emissions in that year. A558
close approximation of emissions in Gg yr−1 can be obtained559
by multiplying the growth rate (ppt yr−1 ) by 25 (Maiss and560
561
Brenninkmeijer, 1998).
The average growth rate from 1986–2005, determined
from NH archive samples was 0.214 ppt ± 0.001 yr−1 .
In agreement with Levin et al. (2010) and Rigby et
al. (2010), our results show that the global growth rate
of SF6 (emissions) increased gradually between 2001 and
2006, and rapidly from 2006-2008, reaching a peak of
0.30 ± 0.03 ppt yr−1 (or ∼7.4 Gg yr−1 SF6 ) in 2007–2008.
SF6 emissions increased at an average rate of 5 % yr−1 from
2001–2008. This corresponds to a period of rapid growth in
world gross domestic product (GDP). The general features of
global SF6 growth rates since 1995 derived from these data
are consistent with those of Levin et al. (2010) and Rigby et
al. (2010).
Some inter-annual variability in SF6 emissions is suggested from this simple analysis. Some of this apparent
inter-annual variability is probably due to atmospheric transport (e.g. El-Niño Southern Oscillation, Quasi-biennial Oscillation) coupled with the distribution of measurement sites
(Elkins et al., 1993). For example, only one station (SMO)
lies in the tropical Southern Hemisphere, and air masses arriving at this site are influenced by large-scale climate variability (Hartley and Black, 1995; Patra et al., 2009). When
SF6 growth rates are examined on a site-by-site basis we obAtmos. Meas. Tech., 4, 2441–2451, 2011
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serve some inter-annual variability that is consistent among
most Northern Hemisphere sites (Fig. 9). Three features are
notable in the recent decade: (a) a slight decline in the SF6
growth rate in 2004, (b) an increase in the SF6 growth rate
from 2005–2008, (c) and a sharp decline in 2009. SF6 growth
rates at Mace Head, Ireland show larger variability, possible due to influence of large scale oscillations affecting atmospheric transport, such as the Arctic Oscillation and the
North Atlantic Oscillation. Nevertheless, there is very good
agreement among NH sites in 2008.
We estimate the effects of transport on the SF6 growth rate
by running the three-dimensional
chemical transport model
29
MOZART (Model for Ozone and Related Tracers, Emmons
et al., 2010) with constant SF6 emissions (from EDGAR version 4.0 for the year 2005) starting in the year 2000. The
model was driven with NCEP/NCAR meteorological fields
(Kalnay et al., 1996) to simulate the SF6 mixing ratio at four
NOAA/ESRL observing sites (BRW, MLO, SMO, SPO). We
then compute global mean SF6 and corresponding growth
rates as before (Fig. 10b). Here, inter-annual variability
www.atmos-meas-tech.net/4/2441/2011/
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observed in the modeled SF6 growth rate is due solely to567
transport. While not all features are consistent between the568
model and observations (Fig. 10a), three features in the later569
period of the data record stand out. The model suggests570
that the growth rate of SF6 from 2005–2007 was modulated571
by transport, but that transport effects were small compared572
to changing emissions. The model does not support a de-573
cline in the SF6 growth rate in 2004 as suggested by the574
data. Also, the double peak in SF6 growth rate in 2007 and
2008 is transport-related, as is some of the decline in 2008–
2009. These features are also present in growth rates of longlived tracers CFC-11 and CFC-12, with global means and
growth rates determined from NOAA/ESRL measurements
(Table 3). The growth rates 30of CFC-11 and CFC-12 exhibit similar inter-annual variability (Fig. 10b) except during
2008–2009, during which no large transport-driven declines
are observed.
The observed decline in the SF6 growth rate from the peak
in 2008 through mid-2009 is 14 %. From modeled SF6 (constant emissions) and other long-lived tracers, we estimate that
atmospheric transport is responsible for at most ∼30 % of
the observed change. Therefore, the change in SF6 emissions during 2008–2009 is estimated to be ∼10 %. This decline also coincides with a slowing of the world economy,
with GDP decreasing ∼0.3 % following a decade of growth.
Although such a rapid decline in emissions might seem unlikely, it is not unprecedented. Global SF6 emissions declined 27 % from 1995 to 1998 (Maiss and Brenninkmeijer,
2000) and 8 % from 1996–1997 (Levin et al, 2010), and increased 8 % between 2006 and 2007. The decline in SF6
emissions in 2008–2009 appears to be short-lived, as SF6
growth rates began to increase in early 2010, approaching
their peak value observed in 2008.
4
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ment by a factor of 2–3. The precision associated with a calibration instrument, used to transfer the NOAA-2006 scale
to tertiary compressed gas standards, has been improved
in recent years and is currently around 0.3 % or ∼0.02 ppt
based on ambient SF6 levels. As this technique is extended
31
to instruments currently in use, our ability to quantify SF6
emissions on global and regional scales should improve.
While good SF6 precision has been demonstrated using two
columns and P-5 carrier gas, the system described here may
be most useful when high-quality P-5 is difficult to obtain.
Mixing ratios of SF6 , measured in flasks collected at 12
sites around the world, and measured in situ at six sites, continue to increase in the troposphere. The growth rate (and inferred emissions of SF6 ) has increased in recent years reaching a maximum of 0.30 ±0.03 ppt yr−1 . This is almost 40 %
larger than the average growth rate of 0.21 ppt yr−1 deduced
from archive samples in the NH collected between 1987 and
2005. When SF6 growth rates are examined on a station-bystation basis, all NH sites show two similar features: an increase in the growth rate from 2005–2008, and a decrease in
the growth rate from 2008 through mid-2009. The increase
in SF6 growth rate corresponds to an increase in World GDP
through 2008, while the recent slowing of SF6 growth rate
corresponds to a decline in world economic growth. The
short-lived decline in SF6 emissions observed during 2008–
2009 is estimated to be about 10 % of the 2008 maximum.

Conclusions

By modifying a common GC technique used to measure N2 O
and SF6 , we have improved the precision of SF6 measurewww.atmos-meas-tech.net/4/2441/2011/
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Supplementary material related to this
article is available online at:
http://www.atmos-meas-tech.net/4/2441/2011/
amt-4-2441-2011-supplement.pdf.
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