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Abstract. Sulfur hexafluoride (S§ is a potent green- essentially equal to the total amount ofgSEmitted during
house gas and useful atmospheric tracer. Measurementke industrial era. While some voluntary efforts to reduce the
of SFs on global and regional scales are necessary to estiamount of Sk emitted to the atmosphere have been made
mate emissions and to verify or examine the performance ofHarnisch and Gluckman, 2001; US EPA, 2008) the atmo-
atmospheric transport models. Typical precision for com-spheric concentration continues to rise (Elkins and Dutton,
mon gas chromatographic methods with electron capture de2009; Levin et al., 2010; Rigby et al., 2010). Efforts to quan-
tection (GC-ECD) is 1-2%. We have modified a com- tify SFg emissions have been performed using bottom-up in-
mon GC-ECD method to achieve measurement precisiorventories and top-down methods based on atmospheric con-
of 0.5% or better. Global mean §Fneasurements were centration and variability (UNFCCC, 2010; Maiss and Bren-
used to examine changes in the growth rate of &Rd ninkmeijer, 1998; Bakwin et al., 1997; Hurst et al., 2007;
corresponding S§~emissions. Global emissions and mix- Levin et al., 2010; Rigby et al., 2010). Reconciling discrep-
ing ratios from 2000-2008 are consistent with recently pub-ancies between top-down and bottom-up emissions should,
lished work. More recent observations show a 10% de-in principle, be relatively simple compared to other green-
cline in Sk emissions in 2008—-2009, which seems to co- house gases for which there are natural sources or sinks that
incide with a decrease in world economic output. This de-are more difficult to quantify (eg. O and CH,). Still, dis-

cline was short-lived, as the global &growth rate has re- crepancies between bottom-up and top-down emissions es-
cently increased to near its 2007—-2008 maximum value ofiimates of Sg remain (Levin et al., 2010), and estimating
0.30+ 0.03 pmol mot? (ppt) yr1 (95 % C.L.). 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 Sébtained by a num-
Sulfur hexafluoride (S§ is a potent greenhouse gas with a ber of researchers around the world are used to examine
global warming potential (100 yr time horizon) 22 800 times trends in Sk emissions (Levin et al., 2010; Rigby et al.,
that of carbon dioxide (Forster et al., 2007). Because of its2010), evaluate atmospheric transport models (Levin and
very long lifetime (800-3200 yr) (Ravishankara, et al., 1993; Hesshaimer, 1996; Gloor et al., 2007; Patra et al., 2009),
Morris et al., 1995) and the fact that the only known sink and for the study of stratospheric circulation and the calcu-
is destruction in the mesosphere, the atmospheric burden igtion of air mass mean age (Park et al., 1999, Engel et al.,
2008, Ray et al., 2010). The predominant method of SF
measurement involves gas chromatography with detection
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(Wanninkhof, 1991; Miller et al, 2008), the ECD is suffi- concentration, is typically 1-2 %. Changes in ECD response
ciently sensitive to S§-that pre-concentration is generally (drift) are monitored by alternating the unknown with injec-
not required. With the ECD, SHs typically separated from tions of a natural-air working standard. Both 5% Ar in £H
other ECD-sensitive gases using packed columns, such g§#-5) and nitrogen with dynamic GQloping have been used
molecular sieve 5A (Simmonds et al., 1972) or Porapak-Qwith similar Sk precision (Moore et al., 2003; Hall et al.,
(Elkins, 1980; Elkins et al., 1996; Hall et al., 2007); Be- 2007). Table 1 shows the evolution of dedicated calibration
cause nitrous oxide (MD) and Sk can both be resolved us- instruments from 1999 to present.
ing Porapak-Q (or Hayesep-Q) columns, this method is com- In 2006 we were using an Agilent ECD (G1533A) with
monly employed (Worthy et al., 2003; van der Laan et al.,two Porapak-Q columns and G@oped N carrier gas (Hall
2009; Thompson et al., 2009). Hayesep-Q and Porapak-@t al., 2007; version 2 in Table 1). This system was modi-
are similar in their characteristics and result in similar chro-fied in June 2006 by adding a third column (post-column).
matography. Typical precision for most ambientsSkea-  The three-column method was first described by Moore et
surements using ECDs is 1-2 %. Better precision can someal. (2003), who used this method for balloon-borne measure-
times be achieved using pre-concentration, but this adds adnents of NO and Sk at 70 s resolution. The objective of
ditional complexity, and is not as common as loop-injection Moore et al. (2003) was to improve the temporal resolution of
air samples. N2O and Sk by speeding up the chromatography. The work
Here we describe GC systems used to perforng G- described here was done specifically to improve fSifeci-
ibrations since 1999. We first describe a Porapak-Q-basedion without compromising pO. While conceptually simi-
system similar to that used to measurg; BFNOAA/ESRL lar, motivation and optimization of the two systems differed.
flask samples of ambient air since 1995 (Geller et al., 1997). The change to the three-column system involved decreas-
Then we describe how this method was modified to improveing the lengths of the Porapak-Q columns and adding a
SFs precision on a laboratory-based GC used for calibration post-column (molecular sieve 5A, 186) to the end of the
and also on one in situ system. Finally, we use global andPorapak-Q main column. The effective “main” column thus
hemispheric mean $From NOAA/ESRL flask and in situ  consists of a Porapak-Q column in series with a MS-5A col-
networks to examine recent changes in emissions gf SF~ umn, operating at different temperatures. The MS-5A col-
The main advantage to the method described here is thatmn was installed in a custom-built heated zone, controlled
it involves a relatively simple conversion of a GC method with an Omega (Omega Engineering, Stamford, CT) tem-
commonly used for BO and Sk measurement thatimproves perature controller (18%0.1°C). The temperature of the
SFks without compromising MO. While laser-based 20 in- Porapak-Q columns (both pre and main) was increased from
struments are emerging, gas chromatography with electro®6°C to 90°C. In this way, the Porapak-Q columns are used
capture detection is commonly used fore3fid GC-ECD  only to separate pD and Sk from “air”. N2O and Sk elute
systems measuring bothp® and Sk will likely be used for ~ from the Porapak-Q columns at nearly the same time and are
the foreseeable future. separated from each other on the MS- 5A column. Because
N-O is more retentive than $n MS-5A the order of elu-
tion is reversed compared to using Porapak-Q alone (Fig. 2).
2 Methods SFs elutes earlier in the chromatogram, resulting in a gain in
peak height without an increase in noise. During the mod-
The chromatography often associated with the measuremeiritication period, MS-5A 80/100 mesh was tried. However,
of SKs is basically the same as that used to measy® N the higher mesh was too restrictive and was abandoned in
(Elkins 1980; Elkins et al., 1996; Hall et al., 2007). Typ- favor of 40/60 mesh. We also experimented with different
ically, a 10-port or 12-port, 2-position gas sample valve lengths of MS-5A column, and different Porapak-Q temper-
(GSV) is used to direct an air sample through two columnsatures. A balance must be reached in which th© Nnd
and an ECD. With calibration and in situ systems we cur-SF; are sufficiently separated from oxygen (air) but not sep-
rently use a 12-port GSV (Valco Instrument Co., Houston, arated from each other as they enter the post-column. If the
TX) operated in “heart cut” mode to prevent the majority of Porapak-Q columns are too cool,® and Sk will separate
the oxygen/nitrogen in the sample from reaching the ECDin the wrong order and then must be re-separated on the MS-
(Fig. 1). Upon injection, the sample is directed onto the pre-5A column. There is also a potential drawback in operating
column. When the gases of interest reach the main columnthe Porapak-Q columns at too high of a temperature as the
the GSV is switched (Table 1), directing flow from the main porous polymer could be oxidized in the presence of oxygen.
column to the ECD, while flow through the pre-column is re- Our system has been operating at@0since 2006 and we
versed (backflushed) to prevent unwanted compounds fronmave not observed evidence of degradation.
accumulating on the main column. A pressure perturbation Once the new columns were installed, we used a thermal
results in a slight baseline change, followed by the elution ofconductivity meter to detect the air peak eluting from the
N2O and Sk (Fig. 2a). The Sk precision, defined as one MS-5A column while in “inject” mode (in which the air peak
standard deviation of a series of 8—10 determinations gf SFis vented). Identifying the timing of the air peak helps to set
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Table 1. Configuration of three SGCs used for calibration since 1999.

Version 1 \ersion 2 \ersion 3
Period of use Sep 1999-Feb 2003 Feb 2003-Jun 2006 Jul 2006—present
Pre-column 2nx 3.7 mml.D., 2mx 3.7mm |.D., 1mx 3.7 mm |.D.,

4.76 mm O.D. 4,76 mm O.D. 4.76 mm O.D.

Porapak-Q, 80/100 mesh  Porapak-Q, 80/100 mesh  Porapak-Q, 80/100 mesh
Main column 3mx 3.7mm |.D., 3mx 3.7mm |.D., 2mx 3.7mm |.D.,

4.76 mm O.D. 4.76 mm O.D. 4.76 mm O.D.

Porapak-Q, 80/100 mesh

Porapak-Q, 80/100 mesh  Porapak-Q, 80/100 mesh

Post-column NA NA 0.91nx 3.18 mm O.D.
0O.D. sieve mol.5A
40/60 mesh

Pre-columnr (°C) 55 56 90

Main-columnT (°C) 55 56 90

Post-columrr (°C) NA NA 185

Flow control MFC MFC/EPC EPC

Detector Valco (140BN) Agilent (G1533A) Agilent (G1533A)

Carrier gas 5% CR{Ar (P-5) Ny (w/CO» doping) N> (W/CO, doping)

CO, at ECD outlet (ppm) NA ~1650 ~2500

Sk retention time (s) ~440 515-545 305

SFkg peak width (s) ~24 30 23

N>O retention time (s) ~345 405-435 410

N>O peak width (s) ~18.5 23 27

ECDT (°C) 350 340 340/370

Run time (s) 1800 900 720

GSV switch (s) 240 300-320 180

CO;, retention time (s) ~270 ~365 ~475

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

the timing of the GSV switch. With a main carrier gas flow rier gas with CQ doping. Thus, the amount of G@resent
rate of 31 sccm, the air peak was observed at 125s. We theim the detector is only slightly perturbed as the sample CO
performed several injections to optimize the valve timing. At elutes. It is desirable to set the g@oncentration such that
switch times between 170 and 195 sNand Sk remained  the N,O response is insensitive to small changes inG@.
constant. A switch time of 180 s was chosen, which resultechot affected by varying amounts of GGn the sample or
in retention times of 305 and 410 s for &&nd NbO respec- by small changes in the pressure of the dopant delivery sys-
tively. The lengths of our Porapak-Q columns were chosen asem. At 2500 ppm C@), the sensitivity tot 10 ppm fluctu-
a matter of convenience (i.e. already available). Other comations in CQ dopant is a factor of 10 less than the typical
binations may also be suitable. 1-0 precision for both MO and Sk. Insensitivity to sample
Following the column changes, the g@oping level CO; was further verified by comparing air samples with and
was adjusted for optimal D response. High-purity CO  without CQ; (CO, was completely removed using sodium
is added through a crimped tube (10sm.58 mmO.D., hydroxide-coated silica — Ascarite). The response ratios for
0.127mm1.D.) and enters the flow stream prior to the ECD.samples with and without COwas 0.99964: 0.00033 for
The CQ flow rate ¢~0.08 cc mirr1) is controlled through a  N20 and 0.9998& 0.0046 for Sk, which translates into bi-
constant head pressure on the crimp. Th©Nnd Sk re-  ases of 0.1 ppb and 0.001 ppt, respectively, and is insignifi-
sponses were tested at different £@essure settings. The cant considering the much smaller natural variations 0y CO
N,O response showed a maximum at about 124 kPa, whictin the atmosphere.
corresponds to 2500 ppm G@ the ECD. The Skresponse The use of C@ doping may also minimize interference
declined with increasing CXFig. 3). between NO and CO that might be produced from Porapak.
One potential drawback with this technique is thatCO Any CO produced would likely react on hot metal surfaces
may co-elute with NO, depending on the operating temper- to form CQ, (Fehsenfeld et al., 1981), which could interfere
ature of the MS-5A column. In the present casep@ites  with N2O if not for the excess Cosupplied by doping. We
under the tail of the DO peak (Fig. 2b). All of our sys- have not determined if column-generated CO interferes with
tems that employ the 3-column method also emplaychir- N2O when using P-5 carrier gas.
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Fig. 1. Diagram of 12-port gas sample valve (GSV) @) load, and(b) inject modes. Note that Air (&N,) 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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Fig. 2. Sample chromatograms from two-colump®ISFkg analysis

system (upper panel, version 2) and three-column system (lower

panel, version 3) (see Table 1). g@as measured at the outlet of
the ECD.

3 Results
3.1 Calibration instruments

With the three-column system, the &precision was im-
proved from 1-2 % to better than 0.5 %. §Srecision de-
termined from analysis of various gas standards is shown in
Fig. 4. The signal to noise (calculated ass$feak height

of a 5.8ppt 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 Sk peak height increased by 37 % while the base-
line noise remained unchanged. The mean precision for
5-month periods before and after the addition of the post-
column (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 £dbpant 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 Sk retention time. In fact, a significant reduction

Prior to installing the post-column, mass flow controllers in retention time variability occurred following the addition
were replaced with electronic pressure controllers (EPC), an@f the post columnd =0.18 s with EPC and two columns,
used to set the head pressures on the main and pre-columns=0.10 s with EPC and three columns) rather than with the
This was done to reduce the effects of changes in room presdnstallation of the EPC. Further, a change in flow controllers
sure on flow rates. The EPCs are less sensitive to changes {from custom-built MFC to commercial MFC, Pnucleus Tec-

ambient pressure, possibly because they control pressure

ratologies, Hollis, NH) on two separate systems using only

ative to a reference pressure (ambient pressure in this cas®orapak-Q columns (installed at South Pole and Summit,

and thus maintain a constatP relative to the ECD outlet.

Atmos. Meas. Tech., 4, 2442451, 2011

Greenland) made little difference to theg3#tecision.
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A substantial benefit is that the current system has beer&ig_ 4. History of SF, precision (%) from all samples analyzed

essentially maintenance-free over the last four yearss SFon the GC-ECD systems used for calibrations (color-coded ky SF

retention timg, peak Width_v .and. peak response have remainego|e fraction — ppt). Upper plot shows three GC versions. Lower
very stable since the modifications were made. Compared t@|ot shows versions 2 and 3 along with system changes.

our original system (Version 1), the use of barrier gas has
eliminated some of the variability caused by variations in P-
5 quality. High-purity nitrogen is more easily obtained, and ery other month. The Sffesponse function is stable enough
the quality of N is more consistent than that of P-5, which that more frequent calibration is not necessary. This was not
can sometimes contain significant amounts of @Hkins et true of GC version 1. Secondary standards were assigned
al., 1996). values on the NOAA-2006 scale. Using the five secondary

The improvements in precision and stability have allowed standards to predict the value of the working standard during
us to develop an improved reference scale fog 8&sed each calibration run (linear model (&)= a X), we find that
on standards prepared by gravimetric methods. Nine comthe predicted value of the working standard has varied by
pressed gas standards were prepared between 2003 and 208% more than 0.011 ppt over a three-year period. The stan-
as described in Hall et al. (2007). These were combined withdard deviation of predicted values is 0.003 ppt. Similar re-
seven standards prepared in 2000 to establish the NOAAsults were achieved linear model (B)=aX + b. In this
2006 Sk calibration scale (adopted by WMO/GAW) over case the range of predicted values varied by no more than
the range 1-10ppt (dry air mole fraction) (Table 2) (see0.013 ppt and the standard deviation of all predictions was
also http://www.esrl.noaa.gov/gmd/ccl/siale.htm). The  0.004 ppt.
NOAA-2006 scale compares within 0.01 ppt with the Scripps  Regular analysis of other natural air standards also shows
Institution of Oceanography (S10-05) (Rigby et al., 2010) improved precision and stability (Fig. 5). The reproducibility
and within 0.03 ppt of the University of Heidelberg Scale of SF; assignments is particularly good following the 2006
(Halletal., 2011). modifications. Standard deviations of a “target” standard an-

With GC version 3, the standards were analyzed severahlyzed between mid-2006 and 2009 are 0.012 and 0.014 ppt
times relative to a natural-air working standard. The re-using linear models (a) and (b) respectively. Other secondary
sponse was linear and a fit of the relative response (peaktandards show similar precision on repeated analysis. The
height) showed a zero intercept. Although a zero intercepiong-term precision is comparable to the short-term preci-
was expected from previous work, we were not able to con-sion, indicating that there are no significant long-term vari-
firm this until the improved precision was realized with GC ations that would lead to a time-dependent bias. Regulator
version 3. This important feature means that calibrations careffects might be one reason why SReasurement precision
be carried out by ratio to a single working standard as longis better for the working standard (blue symbols in Figs. 4
as the response remains linear. We are exploring the rangand 5) compared to the target cylinders. We have noticed
over which linearity can be assumed; currently 1-10 ppt. Re-that some regulators seem to perform better than others, even
producibility (1v) of SF assignments has improved from among the same model number. While long-term condition-
0.05-0.07 ppt using GC version 1, to 0.03—0.05 ppt using GGing to the air stream (i.e. dedicated regulators) may help in
version 2, and finally te<=0.02 ppt using GC version 3. some cases, it does not always lead to improvements.

Five secondary natural air standards (3—11 ppt) are used to We have performed limited testing of the current con-
verify the instrument response function (calibration run) ev-figuration (version 3 in Table 1) with an Agilent pu-ECD

www.atmos-meas-tech.net/4/2441/2011/ Atmos. Meas. Tech., 4, 24812011
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Table 2. Standards that define the NOAA-2006 gSéalibration o 427 pot (aminum)

scale. ook o 604 ppt ominemy
Cylinder  Year Prepared (ppt) Assigned (ppt) Residual (ppt) § 008 |
FA-1861 2000 2.41 2.39 —0.02 i { 1
FA-1878 2000 2.01 2.89 ~0.02 7 ol E H # %ﬁ @ J E i
FA-1843 2000 4.73 4.76 0.03 £ E
FA-1850 2000 451 453 0.02 5 0s |
FA-1851 2000 4.32 4.35 0.02 g
FA-1856 2000 1.14 1.15 0.01 g
FA-1865 2000 4.12 4.13 0.01 010 b
FA-2205 2000 4.94 4.92 —0.02
FA-2207 2003 5.98 5.98 0.00 015 ‘ ‘ ‘ ‘ : ‘
FA-2208 2003 697 7 Ol 0 03 2004 2005 2006 2007 2008 2009 2010 2011
FA-1940 2005 1.52 1.49 -0.03
FA-2139 2005 3.13 3.14 0.01 Fig. 5. Reproducibility of Sk calibration assignments. Since 2006
FA-2557 2005 3.86 3.85 —0.01 the mean deviation has beet0.005 ppt, 0.002, and 0.005 ppt for
FA-2567 2005 5.99 6.02 0.03 4.27,5.35, and 6.04 ppt target standards, respectively.
FA-2569 2005 7.92 7.90 —0.02
FA-2585 2005 9.83 9.79 —0.04

3.3 A history of atmospheric Sk

A history of global atmospheric $Fwvas compiled from a

(G2397A). An Agilent p-ECD was installed in the calibration combination of grab samples (flasks) and in situ measure-
GC and the column outlet was simply moved from one de-ments obtained by the NOAA/ESRL halocarbons group at
tector to the other while all operating conditions remained multiple sites dating to 1995. A history based on two observ-
the same. The smaller internal volume of the p-ECD resultdng programs (one based on flasks and the other in situ) was
in peaks with slightly smaller peak width (see Supplementdeveloped by combining flask and in situ results into a sin-
Fig. S1). While the optimal C®dopant concentration is gle integrated record at each observing site. Both flask and
lower with the Agilent u-ECD (500-700 ppm) (A. Crotwell, in situ records offer different advantages and dis-advantages.
personal communication, 2010) compared to the AgilentFlask observations yield greater spatial coverage with lower
ECD (~2500 ppm), precision, peak shape, and baseline betemporal resolution. Flasks are analyzed on a single labo-
havior are similar. While we have not used this techniqueratory instrument, which should, in principle, be subject to
with a pu-ECD for extended periods of time, limited testing fewer calibration and operational issues than instruments lo-
suggest that this technique is fully compatible with the p-cated at remote sites. However, because a single instrument
ECD. is used, instrument malfunction or performance would affect
all flasks analyzed during that period. In situ observations
offer greater temporal resolution but lower spatial coverage
We have also performed modifications similar to those de-compared to flasks. Calibration transfer issues would likely
scribed above to an in situd® and Sk measurement system be averaged out over time since each in situ instrument is
installed at a mountain site (Niwot Ridge) in Colorado. The calibrated independently. Flask and in situ instruments are
original GC configuration was similar to version 1 (Valco calibrated using two natural-air working standards (one at
ECD), but is now operated with a MS-5A post-column and near-ambient level, and one diluted by 10 % with;$fee
COy-doped ¥ carrier gas similar to version 3. Figure 6 air) to account for non-linearity. These standards are trace-
shows hourly data from this site for selected periods in 2006able to the NOAA-2006 scale via the primary calibration GC
and 2009. Skprecision during periods without obvious pol- (described above) and are replaced about every 2yr. A 10%
lution events was-2 % in 2006 and<0.5 % in 2009, a factor concentration difference is generally sufficient to establish
of four improvement. Small pollution events can be seen inthe Sk response curve (assumed linear over this range) be-
Fig. 6b, which would have gone undetected earlier. cause these instruments are located in remote places where

In addition to the post-column, mass flow controllers usedSFs concentrations seldom exceed that of the highest work-
to control carrier gas flows and electrical connections to theing standard by more than 20 %. We have observed a slight
ECD were replaced. The improvement ingS#fecision is  non-linear behavior of the ECD in the calibration instrument,
due to a combination of these modifications, which were per-but errors are less than 0.03 ppt at concentrations within 30 %
formed simultaneously. We do not know exactly how much of the working standard.
the addition of the post-column contributed to the improved Figure 7 shows global and hemispheric mearg 86m
precision on this instrument. Similar changes to the MFCs1995 to present from the integratede¢Sfecord. Sk data
on two other systems had little effect. from six in situ sites (BRW, SUM, NWR, MLO, SMO, SPO)

3.2 In situ instrument

Atmos. Meas. Tech., 4, 2442451 2011 www.atmos-meas-tech.net/4/2441/2011/
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from a lowess fit to the NH archive record minus the mean dif-
ference (0.14 ppt) between NWR and the global mean from 1995-
2005). A linear fit of global mean SFas a function of timer{ from
1986-2005 yieldsy = 1.25(0.01) 4+ 0.215(0.001) x (r—1985).

6.9
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2009.780 2009.785 2009.790 2009.795

Fig. 6. Time series of Sgat Niwot Ridge, Colorado showing base-
line conditions and pollution events during two perio¢®: prior to
GC modificationb) following GC modification. Both panels show
a smooth fit to baseline data (approximate) (red lines).

of independent samples by calculating the time scale of auto

correlation of hourly samples. Typically, hourly samples are
were merged with flask data from twelve sites (ALT, SUM, auto-correlatedd > 0.1 ) for 12—-48h at a time at each site.
BRW, MHD, NWR, THD, MLO, KUM, SMO, CGO, PSA, This seems to correspond to the timescales of diurnal cycles
SPO) (see Table 3, Supplement Fig. S2). At sites in whichor synoptic wave activity. Thus, we estimate that a monthly
both flask and in situ data exist, monthly mean (flask) andmedian estimate of $Fconcentration consists of15 in-
median (in situ) were averaged together weighted by standependent estimates from in situ data and 3—4 independent
dard deviation. Data gaps (typically only a few months) wereestimates from flasks. Monthly standard deviations for each
filled using linear interpolation. Monthly median in situ data site were scaled by the square rootMfz. The monthly
were used instead of monthly mean in order to minimize theuncertainty at each site was then determined as the mass-
effects of local influence in the in situ records. Flasks areweighted mean standard error from each program (flasks and
normally collected under background conditions. In mostin situ) when data from both programs were available. An

cases 3-5 flasks pairs per month were combined w480—
700 hourly in situ samples (data soutttp://www.esrl.noaa.
gov/gmd/hats/combined/SF6.hjml

additional uncertainty was introduced when the mean mole
fraction from each program differed by more than the com-
bined standard errors. Hence, differences between two in-

The history was extended to the mid-1980’s by analyzingdependent systems are incorporated as an additional term in
cylinders of air collected at Niwot Ridge, Colorado. The the uncertainty. The mean difference between global mean
archive consists mostly of 29.5-1 aluminum cylinders col- SFs computed using flask and in situ data from 2000-2010
lected specifically as archive samples to be stored, or uset$ < 0.01 ppt (see Fig. S3).
as working standards and not completely exhausted. Archive Monthly mean data were averaged in a mass-weighted (co-
samples were screened for background conditions by exansine latitude) fashion across seven latitude bins to produce
ining trace gases such as CFC-12 as well as local wind direcglobal and hemispheric means. Uncertainty in the global
tion at the time of sampling. Eight out of 68 potential archive mean was estimated by computing the global mean numer-
samples were rejected based on concentrations of CFC-12us times (Monte-Carlo method), randomly adjusting the
CFC-11, and/or wind direction not having been consistentmonthly mean at each station within as2window (Nor-
with background air masses. mal distribution). Further, data gaps (up to 30 % of the data)

The integrated data set consists of both high-frequency irwere introduced at random to test the robustness of the gap-
situ measurements and low frequency flask measurementslling interpolation method. The integrated global mean data
The uncertainty (standard error) for each month at each siteecord shown in Fig. 7 was derived from 500 simulations.
was calculated using an effective humber of independentGlobal mean S§ from 1985-2005 can be approximated
measurementsMeff). Although there are as many as 744 by the functiony = 0.125%+ (0.012) + 0.215 (0.001)x (r—
individual measurements per month at some sites, not all985). This function supersedes that of Geller et al. (1997),
measurements are independent. We estimated the numband results from an updated &€alibration scale, reanalysis
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Table 3. Sampling sites.

Sampling site Abbr. Lat., Long. Alt. (masl) Obs.

Alert, Nunavut ALT 82.5-62.5 54  flask
Summit, Greenland SUM 72.6,38.5 3238 insitu
Barrow, AK BRW 71.3,-156.6 30,30 flask, in situ
Mace Head, Ireland MHD 53.3;9.9 25 flask
Trinidad Head, CA THD 41.1-124.2 107 flask

Niwot Ridge, CO NWR 40.0--105.5 3523,3025 flask, in situ
Cape Kumukahi, HI KUM 19.5--154.8 3 flask

Mauna Loa, HI MLO 19.5-155.6 3397,3397 flask, in situ
Cape Matatula, Am. Samoa SMO —14.2,—170.6 77,77 flask, in situ
Cape Grim, Australia CGO —40.7,144.7 94 flask
Palmer Station, Antarctica PSA —-64.9,—-64.0 10 flask

South Pole, Antarctica SPO -90.0,—24.8 2810,2810 flask, insitu

T T T T H120

of the archive samples analyzed by Geller et al. (1997), im-
.« . wmm Global (this work
proved measurement precision, and a longer data record. 030 = Rigny et a1 (2010)

wm | evin et al (2010)
= =1 World GDP

3.4 Sk growth rates

0.25

Global monthly mean Sf~concentrations were used to de- 60

rive global Sk growth rates by subtracting global monthly

0.20

Growth Rate (ppt yr ')

40

(SN$ uolit1) das PHOM

mean concentrations in successive years (e.g. January 2003z RS

January 2002, February 2003—-February 2002, etc.) (Fig. 8). 420
Because S§is extremely long-lived in the atmosphere, the

increase in SEconcentration from one year to the nextis ~ *'7oss 7990 7995 2000 2005 2010

essentially proportional to the emissions in that year. A

close approximation of emissions in Ggyrcan be obtained  Fig. 8. Global growth rate (pptyrl) determined from flask and in
by multiplying the growth rate (ppty®) by 25 (Maiss and  situ combined S§dataset. (shaded region is3- Also shown are
Brenninkmeijer, 1998). growth rates derived from emission estimated of Levin et al. 2010)

The average growth rate from 1986—2005, determinec@nd Rigby et al. (2010) along with World GDP (World Bank, 2011).

from NH archive samples was 0.214pp0.001yr 1,

In agreement with Levin et al. (2010) and Rigbhy et

al. (2010), our results show that the global growth rateserve some inter-annual variability that is consistent among
of SFs (emissions) increased gradually between 2001 andnost Northern Hemisphere sites (Fig. 9). Three features are
2006, and rapidly from 2006-2008, reaching a peak ofnotable in the recent decade: (a) a slight decline in the SF
0.3040.03pptyr? (or ~7.4Ggyr! SFs) in 2007-2008.  growth rate in 2004, (b) an increase in thes$ffowth rate
SFs emissions increased at an average rate of 5%fom  from 2005-2008, (c) and a sharp decline in 2009; @Bwth
2001-2008. This corresponds to a period of rapid growth inrates at Mace Head, Ireland show larger variability, possi-
world gross domestic product (GDP). The general features oble due to influence of large scale oscillations affecting at-
global Sk growth rates since 1995 derived from these datamospheric transport, such as the Arctic Oscillation and the
are consistent with those of Levin et al. (2010) and Rigby etNorth Atlantic Oscillation. Nevertheless, there is very good
al. (2010). agreement among NH sites in 2008.

Some inter-annual variability in $Femissions is sug- We estimate the effects of transport on the §fowth rate
gested from this simple analysis. Some of this apparenby running the three-dimensional chemical transport model
inter-annual variability is probably due to atmospheric trans-MOZART (Model for Ozone and Related Tracers, Emmons
port (e.g. EI-Nilo Southern Oscillation, Quasi-biennial Os- et al., 2010) with constant glemissions (from EDGAR ver-
cillation) coupled with the distribution of measurement sites sion 4.0 for the year 2005) starting in the year 2000. The
(Elkins et al., 1993). For example, only one station (SMO) model was driven with NCEP/NCAR meteorological fields
lies in the tropical Southern Hemisphere, and air masses atKalnay et al., 1996) to simulate the §ixing ratio at four
riving at this site are influenced by large-scale climate vari-NOAA/ESRL observing sites (BRW, MLO, SMO, SPO). We
ability (Hartley and Black, 1995; Patra et al., 2009). Whenthen compute global mean §R&nd corresponding growth
SFs growth rates are examined on a site-by-site basis we obrates as before (Fig. 10b). Here, inter-annual variability
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Fig. 9. SKs growth rates calculated on a site-by-site basis at eight
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Fig. 10. (a)SFks growth rate derived from global mean &@Ehaded
observed in the modeled §Rrowth rate is due solely to  yegion is 2¢), along with corresponding emissions (Gg¥y cal-
transport. While not all features are consistent between theulated with a 2-box model (Geller et al., 1997) and withg SF
model and observations (Fig. 10a), three features in the lategrowth rate derived from model results at four sites using constant
period of the data record stand out. The model suggestSFs emissions (solid red) to assess transport-driven changes in the
that the growth rate of SFfrom 20052007 was modulated SFs growth rate{b) observed growth rates of CFC-12 (blue), CFC-
by transport, but that transport effects were small compared-1 (green), halon-1211 (black, detrended) derived from global mean
to changing emissions. The model does not support a dedat@ and model Sfrepeated fronga).
cline in the Sk growth rate in 2004 as suggested by the

data. Also, the double peak in §growth rate in 2007 and ment by a factor of 2—-3. The precision associated with a cal-

2008 is transport-related, as is some O.f the decline in 2008Tbration instrument, used to transfer the NOAA-2006 scale
2009. These features are also present in growth rates of lon

lived tracers CFC-11 and CFC-12, with global means anc(.\i:.{O tertiary compressed gas standards, has been improved

rowth rates determined from NOAA/ESRL measurements, | recent years and is currently around 0.3 %-~d.02 ppt
?Table 3). The growth rates of CFC-11 and CFC-12 eX_based on ambient gHevels. As this technique is extended
hibit si [ 9 o . . to instruments currently in use, our ability to quantifysSF

ibit similar inter-annual variability (Fig. 10b) except during I ; .

. ! . .~ emissions on global and regional scales should improve.

2008-2009, during which no large transport-driven declmeswhile good S precision has been demonstrated using two
arﬁ_ﬁgsoirg::jv'ed decline in the §growth rate from the peak columns and P-5 carrier gas, the system described here may
in 2008 through mid-2009 is 14 %. From modeleds$Eon- be most useful when high-quality P-5 is difficult to obtain.

L . . Mixing ratios of Sk, measured in flasks collected at 12
stant emissions) and other long-lived tracers, we estimate that. S o
: : ) sites around the world, and measured in situ at six sites, con-
atmospheric transport is responsible for at me80 % of

the observed change. Therefore, the change in €3fis- tinue to increase in the troppsphere. The growth rate (and in
. . . . . ferred emissions of $fy has increased in recent years reach-
sions during 2008-2009 is estimated to-b&0 %. This de- . . 1 s
) S . . ing a maximum of 0.3@£0.03 pptyr . This is almost 40 %
cline also coincides with a slowing of the world economy,

with GDP decreasing-0.3 % following a decade of growth. larger than the average growth rate of 0.21 pptydeduced

X L . ; from archive samples in the NH collected between 1987 and
Although such a rapid decline in emissions might seem un- ; ;
. 2 Y 2005. When Sggrowth rates are examined on a station-by-
likely, it is not unprecedented. Global §Emissions de-

clined 27 % from 1995 to 1998 (Maiss and Brenninkmeijer, zigzg ibnatsr:: arI(I)Vl\\l,tﬂ f;izsf;kﬁgg\gg_szlgn(;?rgﬁgtgrg::craegslz'm
2000) and 8 % from 1996—-1997 (Levin et al, 2010), and in- g '

creased 8% between 2006 and 2007. The decline in SF.the growth rate from 2008 through mid-2009. The increase

emissions in 2008-2009 appears to be short-lived, as Sl SFs growth rate corresponds to an increase in World GDP

growth rates began to increase in early 2010, approachinéhrOngh 2008, while th_e repent slowing of §§rowth rate
their peak value observed in 2008. orresponds to a decline in world economic growth. The

short-lived decline in Sfemissions observed during 2008—
2009 is estimated to be about 10 % of the 2008 maximum.

4 Conclusions

By modifying a common GC technique used to measy® N
and Slks, we have improved the precision of §heasure-
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