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Abstract. Atmospheric observations and trends are pre-aged mean atmospheric growth rates of these PFCs are sub-
sented for the high molecular weight perfluorocarbonssequently lower at 2.2 ppqyt for C4F10, 1.4 ppqyr? for
(PFCs): decafluorobutane {Eio), dodecafluoropentane CsFip, 5.0ppqyr?! for CsF14, 3.4 ppqyrt for C7F1s and
(CsF10), tetradecafluorohexane E14), hexadecafluorohep- 0.9 ppqyr? for CgFig. The more recent slowdown in the
tane (GF16) and octadecafluorooctanegf€is). Their atmo-  growth rates suggests that emissions are declining as com-
spheric histories are based on measurements of 36 Norttpared to the 1980s and 1990s.

ern Hemisphere and 46 Southern Hemisphere archived air
samples collected between 1973 to 2011 using the Ad-

vanced Global Atmospheric Gases Experiment (AGAGE)

“Medusa” preconcentration gas chromatography-mass specl  Introduction

trometry systems. A new calibration scale was prepared for

each PFC, with estimated accuracies of 6.8% faFG, Perfluorocarbons (PFCs) are powerful greenhouse gases reg-
7.8 % for GFy2, 4.0 % for GF14, 6.6 % for GF1gand 7.9 % ulated under the Kyoto Protocol to the United Nations
for CgF1g. Based on our observations the 2011 globally Framework Convention on Climate Change (UNFCCC). Due

averaged dry air mole fractions of these heavy PFCs arel0 their long lifetimes and strong absorption in the infrared,
0.17 parts-per-trillion (ppt, i.e., parts per2pfor C4Fio, PFCs are considered to have a permanent effect on the
0.12 ppt for GF12, 0.27 ppt for GF14, 0.12 ppt for GFig Earth’s radiative budget and have global warming potentials
combine to contribute to a global average radiative forcingPon dioxide (CQ), see Tablel, (Forster et al.2007. Ob-
of 0.35mW nT2, which is 6% of the total anthropogenic Servations and atmospheric-observation-based emission esti-
PFC radiative forcingNlontzka and Reimanr201% Oram  Mates are available for carbon tetrafluoride {zfhexaflu-

et al, 2012. The growth rates of the heavy perfluorocar- Oroéthane (&), octafluoropropane () and octafluoro-
bons were largest in the late 1990s peaking at 6.2 parts pefyclobutane (c-GFs) (Muhle et al, 201Q Oram et al. 2012
quadrillion (ppaq, i.e., parts per 1¥) per year (yr) for GF1o, Salt'o et al. 2010. CF; is the most abundant PFC and has
at 5.0ppqyr? for CsF1z and 16.6 ppqyrt for CeFys and @ significant natural abundancBeeds et a).2008 Har-

in the early 1990s for @16 at 4.7 ppgyr! and in the mid  hisch et al. 1996ab; Mahle et al, 201Q. The predominant

1990s for GF1g at 4.8ppqyrt. The 2011 globally aver- anthropogenic emissions of these lower molecular weight
PFCs are from the production of aluminum, usage in the
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Table 1. Lifetimes, Radiative Efficiencies and Global Warming Potentials of Perfluorocarbons.

Lifetime Radiative Efficiency Global Warming Potential (GWP)
Species [yr] W 2 ppb—1] 20-yr horizon  100-yr horizon  500-yr horizon Reference
CRy 50000 0.10 5210 7390 11200  Forster et al(2007)
CoFs 10000 0.26 8630 12200 18200  Forster et al(2007)
CsFg 2600 0.26 6310 8830 12500  Forster et al(2007)
c-C4Fg 3200 0.32 7310 10300 14700  Forster et al(2007)
C4F10 2600 0.33 6330 8860 12500  Forster et al(2007)
CsF12 4100 0.41 6510 9160 13300  Forster et al(2007)
CeF14 3200 0.49 6600 9300 13300  Forster et al(2007)
C7F16 (3000} 0.45 - - - Bravo et al.(2010
C7F16 (3000y 0.48 - - - Ivy et al. (2012
CgF1s (3000y 0.50 5280 7390 10500 Bravo et al(2010
CgF1s (3000} 0.57 - - - Ivy et al. (2012
CioF1s  >1000 0.56 >5500 >7500 >9500 Shine et al(2009

* Lifetimes in parentheses have not been measured,; a lifetime of 3000 yr was chosen as it is similar ©ghgg.of

semiconductor industry and as refrigerantéuple et al, 2 Experimental methods
201Q Oram et al. 2012. Both the aluminum and semi-
conductor industries have made efforts to reduce emissiong.1 Instrumentation
of the lower molecular weight PFCs to the atmosphere,
although global bottom-up inventories show discrepanciesthe cryogenic preconcentration gas chromatography-mass
with atmospheric-observation-based (“top-down”) emissionspectrometry (GC-MS: Agilent 6890-5973/5975) “Medusa”
estimates Muhle et al, 201Q International Aluminium In-  systemsArnold et al, 2012 Miller et al., 2008 were used
stitute 2011, Semiconductor Industry Associatio2001; to measure the heavy PFC mole fractions in archived air
World Semiconductor Coungi2005). samples at the Scripps Institution of Oceanography (SIO),
Currently, there is much less information available University of California, San Diego (San Diego, CA) and at
on the h|gher molecular Weight PFCs: decaﬂuorobutanéhe Commonwealth Scientific and Industrial Research Or-
(C4F10), dodecafluoropentane £E;,), tetradecafluorohex- ganisation (CSIRO), Division of Marine and Atmospheric
ane (GFi4), hexadecafluoroheptane #G¢) and octade- Research (CMAR, Aspendale, Australia). These instruments
cafluorooctane (§F1g). These PFCs have emission sourcesare part of the Advanced Global Atmospheric Gases Exper-
similar to other halocarbons, e.g. their usage as refrigerantdment (AGAGE) network. For each measurement, the con-
solvents, fire suppressants and foam blowing agents; theglensables in a 2-l air sample are preconcentrated onto a
were initially suggested as replacements for ozone depletingnicro-trap and then cyrofocused onto a second micro-trap
substances (ODS) that are regulated under the Montreal Prdboth micro-traps are initially held at160°C and subse-
tocol (UNEP Technology and Economic Assessment Panelquently heated for desorption) before injection onto a capil-
1999 Tsaj 2009. Moreover, GF1o-CgF1g (liquids at room lary column. Currently, the Medusa systems in AGAGE use a
temperature), have a first-of-a-kind emission source for flu-CP-PoraBOND Q fused silica PLOT column (25m, 0.32mm
orinated compounds from their use as heat transfer fluiddD, 5 um, Agilent Technologies) as the main column for sep-
in the semiconductor industry (where previously deionizedaration of all analytes (except Gfand NFs) (seeArnold
water and a mixture of glycol and deionized water were €t al. (2012; Miller et al. (2008 for details). However for
used) Tsaj 2009 Tuma and Tousignan001). The main  the measurements at CSIRO, the Medusa was fitted with a
sink for the PFCs is photolysis by Lyman+adiation and ~GS-GasPro column (60m, 0.32mm ID, Agilent Technolo-
a minor destruction pathway is reaction with'Of (Rav-  gies) as the main column, which had improved separation
ishankara et a.1993. In this study, atmospheric observa- for these analytes. To maximize the measurements’ preci-
tions of C4F10, CsF12, CsF14, C7F16 and GF1g are presented sions, the quadrupole MS was operated in selective ion mode
based on measurements of Northern Hemisphere (NH) an€SIM). Additionally, only a select number of species were
Southern Hemisphere (SH) archived air samples. These sanfeasured in this experiment, as compared to the more than
ples cover a 39-year period, from 1973 to 2011, and includebO species typically measured as part of the AGAGE net-
36 NH and 46 SH separate samples. Additionally, long-termwork, to minimize the number of acquired ions and further

growth trends are presented based on the atmospheric histdnprove sample precisions. Each sample measurement was
ries for the high molecular weight PFCs. bracketed by a reference gas analysis, allowing for correction

of short-term instrumental drifiRrinn et al, 2000. A small
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Table 2. Retention Times, Target and Qualifier Mass-to-Charge Ratios, Standard Precisions and Detection LimRggioC4F12, CgF14,
C7F16 and Q;Flg.*

Retention Standard  Detection
Time Target Qualifier 1  Qualifier2  Precision Limit
Species Main Column  MS [s] nlz] [m/z] [m/z] [ppt] [Ppt]
CaFg PoraBOND 5975 510
GasPro 5973 705
CHCIR, [HCFC-22] PoraBOND 5975 539
GasPro 5973 757
CaF10 PoraBOND 5975 599 119 219 131 0.0042 0.0180
GasPro 5973 794 119 219 150 0.0067 0.0249
CBrCIF, [H-1211] PoraBOND 5975 669

GasPro 5973 823
CH3CClLF [HCFC-142b] PoraBOND 5975 678
GasPro 5973 856

CsF12 PoraBOND 5975 676 119 169 - 0.0021 0.0120
GasPro 5973 873 119 169 181 0.0029 0.0096
C3HyFg [HFC-236fa] PoraBOND 5975 617
GasPro 5973 876
CH,Cl, PoraBOND 5975 717
GasPro 5973 939
CeF14 PoraBOND 5975 742 169 119 - 0.0040 0.0057
GasPro 5973 948 119 169 219 0.0065 0.0117

CoH3CloF [HCFC-141b] PoraBOND 5975 741
GasPro 5973 965

CCly PoraBOND 5975 849
GasPro 5973 1035
C7F16 PoraBOND 5975 800 219 169 - 0.0042 0.0048
GasPro 5973 1040 169 219 - 0.0021 0.0129
C4HsFg [HFC-365mic] PoraBOND 5975 672
GasPro 5973 1067
CH3CCl3 PoraBOND 5975 841
GasPro 5973 1124
CgF1g PoraBOND 5975 855 219 269 - 0.0026 0.0102
GasPro 5973 1168 219 119 69 0.0032 0.0153
C,Cly4 [PCE] PoraBOND 5975 959

GasPro 5973 1194

* Additional compounds are shown for reference. Parameters for the oven are: ramping frérto4Z00 C over 7 minutes for both the GasPro and PoraBOND with

the ovens subsequently held at 2@ The pressure is ramping at the same time to maintain a constant flow from 6.1 to 15.1 psig for the PoraBOND column and from 9

to 18 psig for the GasPro and subsequently held constant. Standard precisions referd¢cstaadard deviation taken on the working standard used, which is a NH

2010 sample for the SIO Medusa and a 2010 sample filled at Cape Grim for the CSIRO Medusa. Species in bold are those discussed in this study. Non-bolded species are
added for reference.

blank was detected fordE14, C7F16 and GF1g (0.008 and Two experiments were done to assess whether the instru-
0.005 ppt for GF14, 0.012 and 0.013 ppt for &1, 0.017 ment responses of the Medusa systems were linear over the
and 0.016 ppt for gF1s on the CSIRO and SIO instruments, required range of mixing ratios for each species. In general,
respectively), most likely due to the Nafion dryers used in thethe instrument response®, is related to the sample mole
Medusa, and the observations were corrected accordinglyiractions, x, by R o x 1€, wheree is the nonlinearity pa-
The detection limits for each species on both instrumentgameter Prinn et al, 2000. A whole-air sample from a 2010
were estimated as three times the baseline height of the noisgape Grim Air Archive (CGAA) tank was decanted into a
of the target ion immediately preceding and following the 35-I stainless steel tank (Essex Cryogenics), and spiked with
elution of the species and are presented in TablEhe dif- a small volume of high-purity methane (GHto increase
ferences in the detection limits between the two instrumentghe CH; mole fractions from ambient to ca. 8 parts per mil-
are due to the improved separation of analytes on the GShon. From this spiked air sample, six subsamples were pre-
GasPro column used on the CSIRO Medusa and the newgrared in 6-I stainless steel SilcoCan flasks (Restek Inc.) us-
model of MS (5975) used at SIO. ing a vacuum manifold. Each subsample was then diluted by

www.atmos-chem-phys.net/12/4313/2012/ Atmos. Chem. Phys., 12, 431325 2012



4316 D. J. lvy et al.: Histories of heavy PFCs

adding “zero-air”. The zero-air was measured on the Medusa First a gravimetric PFC/CFC-124® mixture was pre-
and found to be analyte free for the PFCs studied here. Theared with a molar ratio of PFC to CFC-12 of 1.85-
amount of zero-air added was varied to give a range of di-3.7 x 10~3, with CFC-12 being used as the bootstrap gas and
lution factors (nominally from 6.25% to 75 %). The actual N2O as the balance gas. Typically® is used as the boot-
dilution factors for each subsample were determined by prestrap gas; however these standards were prepared as standard
cisely measuring the CHmole fraction (including that of additions and the expected finab® mole fractions would
the spiked parent sample) on a gas chromatography-flambkave been beyond the range of the currently available SIO
ionization detector (GC-FID) system with a known linear re- calibration scale. Therefore, CFC-12 was used as the boot-
sponse rancey et a).2003. These subsamples were sub- strap gas, as the resulting final mole fractions of CFC-12 can
sequently measured on the Medusa systems to determine thee accurately measured on the Medusa.
linearity of the Medusa measurements for each species. All A primary standard was prepared by spiking a real air sam-
but the lowest concentration subsample of 6.25% were abovele filled at La Jolla, CA (32.87N, 117.23 W) with the
the detection limit for GF1g, CsF12, C7F16 and GF1g. The PFC/CFC-12/MO mixture. The real air sample was mea-
lowest concentration subsample was slightly above the desured on the SIO Medusa to measure its initial CFC-12 mole
tection limit for GgF4. fraction and instrument response for each PFC. The addi-
The second experiment to characterize the instrument reional mole fractions added to the real air sample from the
sponse involved sampling different volumes from a single airPFC/CFC-12/MO spike were ca. 2 parts per trillion (ppt) of
sample Willer et al., 2008. The range of relative volumes CgF14, 1 ppt of the other PFCs and 540 ppt of CFC-12. The
sampled was from 6 % to 200 % of the standard 2- sampleenhancement factor of the PFC/CFC-120Nmixture added
The volume method has the advantage of characterizing into the real air sample was determined by measuring the final
strument responses at mole fractions above present day back+C-12 mole fractions on the Medusa. The final atmospheric
ground levels, which could not be easily achieved throughmole fractions in the primary standard were estimated as de-
the dilution subsamples unless more concentrated samplescribed byEllison and Thompso(R008.
were prepared. However, as the atmospheric samples mea- The primary standards were measured on the Medusa to
sured in the air archives were all below current atmosphericdetermine the retention times and mass spectra of the heavy
background mole fractions, the volume method served onlyPFCs as well as to quantify the atmospheric observations.
to complement the dilution method’s instrument response exThe mass spectra of the high molecular weight PFCs agree
periment. Generally, the systems exhibited a linear responseith published spectra from the National Institute of Stan-
over much of the required range of mole fractions, with de-dards and Technology and the retention times are consistent
partures from linearity at mole fractions corresponding towith what is expected based on their boiling poiftdST,
those of the oldest archive samples, which have the lowes2011). Table2 shows the target and qualifier mass-to-charge
mole fractions. Based on these dilution experiment measureratios, as well as the retention times, used on the SIO and
ments, a nonlinearity parameter, was estimated for each CSIRO Medusa systems; the target mass-to-charge ratio is
PFC on each instrument and was used to correct the obseused for identification and quantitation, while the qualifiers
vations. These nonlinearity parameters were relatively smallre only used for ensuring the proper identification of the
and ranged from 0 to 0.047, with the largest nonlinearity cor-species. Four primary standards were prepared and the cal-
rection required for gF1s. ibration scale, referred to as SI0-2012, has estimated accu-
racies of 6.8 % for @F10, 7.8 % for GF12, 4.0 % for GF14,

0, 0,
29 Calibration 6.6 % for GF16 and 7.9 % for GFqg.

Four primary standards were prepared at SIO to identify and3  Archived air samples

quantify the heavy PFCs on the Medusa. The primary stan-

dards were prepared following the bootstrap method by stepThe atmospheric histories of these heavy PFCs are based
wise dilution, with dichlorodifluoromethane (C{&,, CFC- on measurements made at SIO and CSIRO of NH and
12) used as the bootstrap g&si(in et al, 2000. The high-  SH archived air samples, which cover a 39-year period.
purity compounds were purchased from Synquest Laboratoin total, 36 NH separate samples (33 measured at SIO
ries with purities of: GF1p (98 % min.), GF12 (99 % min.), and 3 measured at CSIRO) with fill dates from 1973 to
CsF14 (98.5% min.), GF16 (98 % min.) and @F1s (99 % 2011 were measured. These tanks were filled either at
min.); the nitrous oxide (BO) was purchased from Scott Cape Meares, Oregon (4599, 123.953 W), La Jolla, Cal-
Specialty Gases and had a purity of 99.9997 %, and CFCifornia (32.87 N, 117.25 W) or Trinidad Head, California

12 had a purity of 99.99 %. Each high-purity compound was(41.05 N, 124.0% W) and one tank at Harvard Forest, Mas-
vacuum distilled for further purification by repeated cycles sachusetts (42.83, 72.19 W) during baseline conditions

of freezing with liquid nitrogen, vacuum removal of noncon- and are from the laboratories of R.F. Weiss; R.F. Keeling;
densable contaminants and then thawing. and the late C.D. Keeling at SIO. The fill techniques, tank

Atmos. Chem. Phys., 12, 4313325 2012 www.atmos-chem-phys.net/12/4313/2012/



D. J. lvy et al.: Histories of heavy PFCs 4317

Table 3. Northern and Southern Hemisphere and Global Average Annual Mean Mole Fractions and Growth Rates and Associated Uncer-
tainties 1980-2011 for gF10.*

Northern Hemisphere Southern Hemisphere Global Average
Mole Fraction  Growth Rate Mole Fraction Growth Rate Mole Fraction  Growth Rate

Year [ppt] [ppayr] [ppt] [ppayr] [ppt] [ppayr—1]
1980 0.021+ 0.009 3.3+:15 0.019+ 0.015 3.6 4.0 0.020+ 0.012 3.5+:2.8
1981 0.025+ 0.009 4.4+ 1.5 0.023+ 0.013 3.7+ 3.0 0.024+ 0.011 4.0+ 2.3
1982 0.030+ 0.007 52+15 0.026+ 0.012 3.8+23 0.028+ 0.010 45+19
1983 0.035: 0.006 57+1.4 0.030+ 0.011 40419 0.033+ 0.009 49417
1984 0.041+ 0.005 6.1+ 1.2 0.034+ 0.010 4.1+ 1.8 0.038+ 0.007 51+ 15
1985 0.047 0.004 6.3-1.0 0.039+ 0.008 43+1.7 0.043+ 0.006 5314
1986 0.054+ 0.003 6.4+ 0.9 0.043+ 0.007 46+ 1.6 0.048+ 0.005 5.54+1.3
1987 0.060+ 0.003 6.4+ 0.7 0.048+ 0.006 48+ 15 0.054+ 0.004 56+£1.1
1988 0.067 0.002 6.3+ 0.6 0.053+ 0.004 514+ 1.3 0.060+ 0.003 57+ 1.0
1989 0.073+ 0.002 6.1+ 0.5 0.058+ 0.003 54+ 1.1 0.065+ 0.003 5.7+ 0.8
1990 0.079+ 0.002 59+ 0.5 0.063+ 0.003 5.7+ 0.9 0.071+ 0.002 5.8+ 0.7
1991 0.085+ 0.002 5.7+ 0.4 0.069+ 0.002 5.8+40.7 0.077+ 0.002 5.8+:0.5
1992 0.090+ 0.002 5.6+ 0.4 0.075+ 0.002 6.0+ 0.5 0.083+ 0.002 5.8 0.5
1993 0.096+ 0.002 5.6+ 0.5 0.081+ 0.002 6.1+ 0.5 0.088+ 0.002 5.8+ 0.5
1994 0.101 0.003 5.5+ 0.5 0.087+ 0.002 6.2+-0.4 0.094+ 0.002 5.8+:0.5
1995 0.107A 0.003 5.5+ 0.6 0.093+ 0.002 6.2+-0.4 0.100+ 0.002 5.9+ 0.5
1996 0.112+ 0.003 5.6+ 0.7 0.100+ 0.002 6.3+ 0.4 0.1064 0.002 5.9+ 0.6
1997 0.118+ 0.003 5.7+ 0.8 0.106+ 0.002 6.3: 0.5 0.112+ 0.003 6.0+ 0.7
1998 0.1244+ 0.004 58+1.1 0.112+ 0.002 6.4+ 0.6 0.118+ 0.003 6.1+ 0.8
1999 0.130+ 0.004 5.8+ 1.3 0.119+ 0.002 6.5+ 0.6 0.1244 0.003 6.2+ 1.0
2000 0.135£0.005 5.8+1.5 0.125+ 0.002 6.4+ 0.6 0.130+ 0.004 6.1+ 1.1
2001 0.141+0.006 5.6+ 1.8 0.132+ 0.003 6.1+ 0.5 0.136+ 0.004 594+1.2
2002 0.14A 0.007 52+ 1.8 0.138+ 0.003 5.7+ 0.6 0.1424 0.005 55+ 1.2
2003 0.152:0.008 48+ 1.4 0.143+ 0.002 5.1+ 0.7 0.147+ 0.005 5.0:1.0
2004 0.156+ 0.009 4.3+09 0.148+ 0.002 4.440.7 0.152+ 0.006 4.3+0.8
2005 0.160f 0.009 3.+ 13 0.152+ 0.002 3.7+ 0.6 0.156+ 0.006 3.7+1.0
2006 0.164+ 0.008 3.2+-1.8 0.155+ 0.002 3.24:0.6 0.159+ 0.005 3.2+:1.2
2007 0.1674 0.007 2.6+ 2.0 0.1584+ 0.002 2.7+ 0.6 0.162+ 0.004 2.7+ 1.3
2008 0.169f 0.006 2.6+ 1.9 0.161+ 0.002 2.4+ 0.6 0.165+ 0.004 2.5+ 1.2
2009 0.172:0.006 24+-1.6 0.163+ 0.002 2.3+:0.7 0.167+ 0.004 2311
2010 0.174+ 0.005 2.2+ 15 0.165+ 0.002 2.3+ 0.9 0.170+ 0.004 2.3+ 1.2
2011 0.176f 0.005 2.0+ 1.8 0.168+ 0.002 2.4+ 1.0 0.172+ 0.004 22+ 14

* Annual hemispheric mean mole fractions and growth rates are estimated from the smoothing cubic spline fits.

materials, tank sizes and fill purposes of these samples vaconfirming that the modified Rix compressor does not com-
ied. Two tanks were identified as outliers with atmosphericpromise the integrity of these samples for the high molecular
mole fractions significantly higher than present day valuesweight PFCs.

One 1978 tank was rejected fopl o and GF12, but a sec- Forty-six separate SH samples filled between 1978 and
ond tank with an identical fill date was also measured. Addi-2010 were also measured (6 at SIO and 40 at CSIRO). All but
tionally a 1974 tank was rejected fogkEig, as samples with  three of these samples, which were from the M.A. Wahlen
similar fill dates were below the detection limit. From 2003 laboratory at SIO, are part of the CGAA collectiokrgm-
onward, a collection of tanks containing NH air have beenmel et al, 2007 Langenfelds et al1996. The CGAA sam-
maintained at R.F. Weiss’s laboratory at SIO as an air archiveples analyzed as part of this study consist of whole-air sam-
These samples were pumped into 35-l internally electropolples cryogenically filled in 35-1 internally electropolished
ished stainless steel cylinders (Essex Cryogenics) at Trinidadtainless steel cylinders at the Cape Grim Baseline Air Pol-
Head, California using a modified oil-free compressor (Rix lution Station in Tasmania, Australia (4068, 144.69 E),
Industries). Recent filled archive tanks agree with in situexcept for three which were cryogenically collected in 48-
measurements made by the Medusa system at the time of tHealuminum cylinders; these latter three samples were re-
tank filling for the high molecular weight PFCs studied here, jected for GF1s, as their values were significantly higher

www.atmos-chem-phys.net/12/4313/2012/ Atmos. Chem. Phys., 12, 431325 2012
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Table 4. Northern and Southern Hemisphere and Global Average Annual Mean Mole Fractions and Growth Rates and Associated Uncer-
tainties 1980-2011 for £F12.*

Northern Hemisphere Southern Hemisphere Global Average
Mole Fraction  Growth Rate Mole Fraction Growth Rate Mole Fraction  Growth Rate

Year [ppt] [ppayr] [ppt] [ppayr] [ppt] [ppayr—1]
1980 0.018+ 0.002 2.2+ 0.7 0.012+ 0.001 2.7+ 0.2 0.015+ 0.001 2.4+ 0.4
1981 0.020+ 0.001 2.5+ 0.5 0.015+ 0.001 2.7+ 0.2 0.018+ 0.001 2.6+ 04
1982 0.023+ 0.001 3.0:-04 0.018+ 0.001 2.8+£0.2 0.020+ 0.001 2.9+0.3
1983 0.026+ 0.001 3.5+:0.3 0.021+ 0.001 2.86+:0.1 0.023+ 0.001 3.2+:0.2
1984 0.030+ 0.001 4.0+ 0.3 0.024+ 0.001 3.0+£0.1 0.0274+ 0.001 3.5+ 0.2
1985 0.034+ 0.001 4.4+ 0.3 0.027+ 0.001 3.14+0.1 0.030+ 0.001 3.8:0.2
1986 0.039+ 0.001 47+ 0.4 0.030+ 0.001 3.3:0.2 0.034+ 0.001 4.0+0.3
1987 0.043+ 0.002 4.9+ 0.5 0.033+ 0.001 3.5+ 0.2 0.038+ 0.001 4.2+ 0.4
1988 0.048+ 0.002 4.9+ 0.7 0.037+ 0.001 3.7+0.2 0.043+ 0.001 43+04
1989 0.053+ 0.002 4.9+0.8 0.041+ 0.001 4.040.2 0.047+ 0.002 45+ 0.5
1990 0.058+ 0.003 4.9+0.9 0.045+ 0.001 4.3+ 0.2 0.051+ 0.002 4.6t 0.6
1991 0.063+ 0.004 49+1.0 0.049+ 0.001 4.6+0.3 0.056+ 0.003 4,7+ 0.6
1992 0.068t 0.005 48+1.1 0.054+ 0.001 4.940.3 0.061+ 0.003 4.8+ 0.7
1993 0.073+ 0.006 4.8+1.1 0.059+ 0.001 5.1+ 0.3 0.066+ 0.004 4.9+ 0.7
1994 0.077 0.007 47+ 1.1 0.064+ 0.002 5.2+:0.3 0.071+ 0.004 5.0+:0.7
1995 0.082+ 0.008 4.6+ 1.0 0.069+ 0.002 5.3:0.3 0.076+ 0.005 5.0+ 0.6
1996 0.08A 0.009 4.5 0.9 0.075+ 0.002 5.3+ 0.2 0.081+ 0.005 4.9+ 0.5
1997 0.091 0.010 4.3+ 0.7 0.080+ 0.002 5.2+0.2 0.085+ 0.006 4.8+ 0.5
1998 0.095+ 0.010 4.1+ 0.6 0.085+ 0.002 5.0+:0.3 0.090+ 0.006 4.6+ 0.5
1999 0.099+ 0.011 3.94+0.8 0.090+ 0.002 4.8+ 0.3 0.095+ 0.006 4.3+ 0.6
2000 0.103£0.010 3.6+-1.3 0.094+ 0.001 45+0.3 0.099+ 0.006 4.0+:0.8
2001 0.10A0.010 3.2+1.9 0.099+ 0.001 4.14+0.3 0.103+ 0.005 3.6+1.1
2002 0.110f 0.009 2.8+ 2.1 0.103+ 0.001 3.7+£0.3 0.1064 0.005 3.2+1.2
2003 0.112:0.008 25+21 0.106+ 0.001 3.1+:0.3 0.109+ 0.004 2.8+1.2
2004 0.115+ 0.007 2.2+ 1.9 0.109+ 0.001 2.6+ 0.2 0.112+ 0.004 24+ 1.1
2005 0.11A 0.006 2.0+ 1.8 0.111+ 0.001 2.2+ 0.3 0.114+ 0.004 2.1+ 1.0
2006 0.119+ 0.006 1.8+:1.8 0.113+£ 0.001 1.8+ 0.3 0.116+ 0.004 1.8£1.0
2007 0.120+ 0.006 1.6+1.7 0.115+ 0.001 1.6+ 0.3 0.118+ 0.004 1.6+£1.0
2008 0.122+ 0.007 1.4+ 15 0.117+ 0.001 1.4+ 0.3 0.119+ 0.004 1.4+ 0.9
2009 0.123f 0.007 1.3+:1.2 0.118+ 0.001 1.4+ 04 0.121+ 0.004 1.4+ 0.8
2010 0.124+ 0.008 1.3+1.3 0.1194+ 0.001 1.4+ 0.5 0.122+ 0.004 1.3+0.9
2011 0.126+ 0.007 1.3+2.1 0.121+ 0.002 1.4+ 0.6 0.123+ 0.004 14+ 1.4

* Annual hemispheric mean mole fractions and growth rates are estimated from the smoothing cubic spline fits.

than present-day background mole fractions. Five archivevhether the two instruments and the calibration propagations
samples, all collected in 2001 and 2002, had significantlyproduced measurements that agreed within known uncertain-
higher than current baseline mole fractions foifFg; and  ties. Generally, the measurements on the two systems agreed
these values were consequently flagged as contaminategell within the measurement uncertainty. The most notable
these included the three samples from the M. A. Wahlen labdifference between the two instruments was fgF{g, with
oratory and two CGAA samples. These five samples werea maximum difference of 0.009 ppt, which was 12 % of the
all stored in stainless steel cylinders, therefore most likely asample concentration.
local source at the Cape Grim Station influenced these sam- For both sets of archived samples, at least 3 replicate mea-
ples. The Wahlen samples were also rejected §t4 asan  surements were made of each sample; for younger samples,
unidentified analyte coeluted withsE; 4. 5 to 6 replicate measurements were made since more air was
Seven subsamples of the CGAA, covering the time periodavailable. The measurement errors on the samples are esti-
of 1986 to 2008, were decanted into 4.5-1 internally elec-mated as the &- standard deviations of the repeat measure-
tropolished stainless steel cylinders (Essex Cryogenics) anchents, and samples below the detection limit of the Medusa
subsequently measured on the SIO Medusa system; the parere assigned a measurement error equal to that of the de-
ent samples were measured at CSIRO. This was to verifyection limit for the purpose of data fitting. The archived air
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Table 5. Northern and Southern Hemisphere and Global Average Annual Mean Mole Fractions and Growth Rates and Associated Uncer-
tainties 1980-2011 for gF14.*

Northern Hemisphere Southern Hemisphere Global Average
Mole Fraction  Growth Rate Mole Fraction  Growth Rate Mole Fraction  Growth Rate
Year [ppt] [ppayr?] [ppt] [ppayr [ppt] [ppayr—]
1980 0.003+ 0.002 0.0+ 0.6 0.008+ 0.008 2.7+ 13 0.005+ 0.005 1.4+ 0.9
1981 0.003t 0.002 0.0+ 0.6 0.010+ 0.007 2.9+ 1.2 0.007+ 0.004 1.5+ 0.9
1982 0.003f 0.002 -0.3£ 0.6 0.013+ 0.006 3.14+1.1 0.008+ 0.004 1.4+ 0.9
1983 0.002+ 0.002 -0.2+0.6 0.017+ 0.005 3.3+ 1.0 0.010+ 0.004 1.6+ 0.8
1984 0.003t 0.003 1.3+04 0.020+ 0.004 3.5+ 0.9 0.0114 0.003 2.4+ 0.7
1985 0.005+ 0.003 3.2:0.3 0.024+ 0.003 3.6:0.8 0.014+ 0.003 3.4+:0.6
1986 0.009+ 0.003 5.0+£0.3 0.027+ 0.002 3.6+ 0.7 0.018+ 0.003 4.3+ 0.5
1987 0.015+ 0.003 6.8+ 0.4 0.031+ 0.002 3.7t 0.6 0.023+ 0.002 5305
1988 0.022+ 0.002 8.4+ 0.5 0.035+ 0.002 3.94-0.5 0.029+ 0.002 6.2+ 0.5
1989 0.032+ 0.002 10.0+ 0.6 0.039+ 0.001 4.1+ 04 0.035+ 0.002 7.0+0.5
1990 0.042+ 0.002 11.3£ 0.7 0.043+ 0.001 4.6+ 0.3 0.043+ 0.002 8.0+ 0.5
1991 0.054+ 0.003 12.4-0.8 0.048+ 0.001 5.44+0.3 0.051+ 0.002 8.9+ 0.6
1992 0.06A4 0.003 13.4£1.0 0.054+ 0.001 6.4+ 0.3 0.0604 0.002 9.9+ 0.6
1993 0.081+ 0.004 14.24+-1.2 0.061+ 0.001 7.7£0.3 0.071+ 0.003 11.0+0.7
1994 0.095+ 0.005 14.94-1.3 0.069+ 0.001 9.4+ 0.3 0.082+ 0.003 12.14+0.8
1995 0.110+ 0.006 15.4+ 1.3 0.079+ 0.001 11.3£ 0.3 0.095+ 0.004 13.3: 0.8
1996 0.126+ 0.007 15.8+ 1.3 0.092+ 0.002 13.3: 0.4 0.1094+-0.004 14.5+0.8
1997 0.142+ 0.009 16.0+£ 1.2 0.1064+ 0.002 15.2: 0.4 0.1244 0.005 15.6£ 0.8
1998 0.158+ 0.010 16.1+1.0 0.122+ 0.002 16.4+ 0.5 0.1404 0.006 16.4+ 0.7
1999 0.174+0.011 15.6+ 0.6 0.139+ 0.002 17.6£ 0.5 0.1564 0.006 16.6+ 0.5
2000 0.189:0.011 14.5-0.7 0.1564+ 0.002 17.5:0.5 0.173+ 0.007 16.0: 0.6
2001 0.203t 0.010 12.6£1.4 0.174+ 0.002 16.5+ 0.4 0.188+ 0.006 14.6£ 0.9
2002 0.214+ 0.009 10.8+ 1.9 0.189+ 0.003 14.9£ 0.5 0.202+ 0.006 12.8+1.2
2003 0.224+ 0.008 9.3+ 2.0 0.203+ 0.002 12.9-0.6 0.214+ 0.005 11.14+1.3
2004 0.233ft 0.006 8.1+ 1.8 0.215+ 0.002 11.0+ 0.7 0.224+ 0.004 9.5+ 1.2
2005 0.2414+0.005 7.2+£15 0.226+ 0.002 9.3+ 0.7 0.233+ 0.003 8.3t1.1
2006 0.248f 0.004 6.4+ 1.3 0.2344-0.002 8.0+ 0.6 0.2414 0.003 7.2+1.0
2007 0.254+ 0.003 55+ 1.2 0.242+ 0.002 6.9+ 0.6 0.248+ 0.003 6.2+ 0.9
2008 0.259+-0.003 4.4+ 1.1 0.248+ 0.002 6.0+ 0.7 0.253+ 0.003 5.2+ 0.9
2009 0.263t 0.003 3.7+1.1 0.2544+ 0.002 5.5+ 0.7 0.258+ 0.003 4.6+0.9
2010 0.266+ 0.004 3+t11 0.259+ 0.002 5.3+ 0.7 0.263+ 0.003 4.5+ 0.9
2011 0.270+ 0.005 4.9+1.0 0.264+ 0.002 5.1+ 0.7 0.267+ 0.003 5.0+ 0.9

*Annual hemispheric mean mole fractions and growth rates are estimated from the smoothing cubic spline fits.

sample measurements for both sets of archives are provideapproach, where the fitting was repeated 1000 times with
in the supplementary material. randomly varied observations that had distributions based
on their measurement uncertainty. The uncertainty on each
spline fit was taken as the d-standard deviation of these
4 Results and discussion runs. The growth rate was also calculated for each of the
o ~ 1000 runs and the uncertainty associated with the annual
The atmospheric histories from 1973 to 2011 for the high o th rate was estimated as the Istandard deviation of
molecular weight PFCs studied here are shown in FigS.  he calculated growth rates. The smoothed spline fits are
Due to the sparseness of the available data set, the presentgfoun along with the observations in Figs5. The bottom
annual mean mole fractions and growth rates are based Ofanels of Figsl-5 show the annual hemispheric growth rates
cubic smoothed spline fits to the observations. The observaggtimated from the cubic smoothed spline fits for each PFC.

tions were weighted by their measurement uncertainty and &he annual mean mole fractions and growth rates from the
50 % attenuation period of 4 years was used, which is inghtIySp"ne fits are presented in Tab@sy.

larger than the mean data-spacing, in estimating the smooth- CaF10 and GFi2 are present in the earliest archived

ing splines Enting et al, 2006§. The uncertainties associ- samples at 0.015ppt and 0.011 ppt respectively, but these
ated with the spline fits were estimated using a Monte Carlo
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Table 6. Northern and Southern Hemisphere and Global Average Annual Mean Mole Fractions and Growth Rates and Associated Uncer-
tainties 1980-2011 for &F16.*

Northern Hemisphere Southern Hemisphere Global Average
Mole Fraction  Growth Rate Mole Fraction Growth Rate Mole Fraction  Growth Rate

Year [ppt] [ppayr] [ppt] [ppayr] [ppt] [ppayr—1]
1980 0.000f 0.002 0.3:0.5 0.011+ 0.008 1.9+ 1.6 0.005+ 0.005 1.1£1.0
1981 0.000+ 0.002 0.6+ 0.5 0.013+ 0.007 1.94+-1.3 0.006+ 0.004 1.2+0.9
1982 0.001 0.002 1.0£05 0.015+ 0.006 20+ 1.1 0.008+ 0.004 1.5+ 0.8
1983 0.002t 0.002 1.7£05 0.017+ 0.005 2.14+0.9 0.009+ 0.004 1.9+ 0.7
1984 0.004+ 0.002 2.5+ 04 0.019+ 0.005 2.2+ 0.8 0.011+ 0.004 2.3+ 0.6
1985 0.007 0.003 3.3:0.3 0.021+ 0.004 2.3+:0.8 0.014+ 0.003 2.8+-0.6
1986 0.011 0.003 4.0£04 0.023+ 0.003 2.5+ 0.7 0.017+ 0.003 3.3:0.5
1987 0.015+ 0.003 4.6+£0.4 0.026+ 0.003 2.7+ 0.6 0.0204 0.003 3.7+£05
1988 0.020+ 0.003 5.0+:0.5 0.029+ 0.002 3.0+:0.6 0.024+ 0.002 4.0+ 0.5
1989 0.025+ 0.003 5.4+ 0.6 0.032+ 0.002 3.24+:0.5 0.028+ 0.002 4.3+0.5
1990 0.030+ 0.003 5.6+ 0.7 0.035+ 0.001 35+04 0.033+ 0.002 4.5+ 0.6
1991 0.036+ 0.003 5.6+ 0.8 0.039+ 0.001 3.7+0.3 0.037+ 0.002 4.6+ 0.6
1992 0.042:0.004 5.5+ 1.0 0.043+ 0.001 3.9+:0.3 0.042+ 0.002 4.7+ 0.6
1993 0.04A 0.004 53 1.2 0.046+ 0.001 4.0+ 0.2 0.0474+ 0.003 4.6+ 0.7
1994 0.052 0.005 514+ 1.2 0.051+ 0.001 4.14+0.2 0.051+ 0.003 4.6+ 0.7
1995 0.057 0.006 4.9+1.2 0.055+ 0.001 4.14+0.3 0.056+ 0.004 45+ 0.7
1996 0.062+ 0.007 4.7+1.1 0.059+ 0.001 4.1+ 0.3 0.060+ 0.004 4.4+ 0.7
1997 0.067 0.008 45+ 09 0.063+ 0.001 4.14+0.3 0.065+ 0.005 4.3+ 0.6
1998 0.071: 0.009 4.4+ 0.6 0.067+ 0.001 4.040.3 0.069+ 0.005 42405
1999 0.075+ 0.009 4.3+ 0.3 0.071+ 0.002 4.0+ 0.3 0.073+ 0.006 4.1+ 0.3
2000 0.080+ 0.010 4.2+ 0.6 0.075+ 0.002 3.8+:0.2 0.077+ 0.006 4.0+:04
2001 0.084+ 0.009 41+ 1.1 0.079+ 0.002 3.7 0.1 0.081+ 0.006 3.9+:-0.6
2002 0.08&t 0.008 4.1+1.4 0.082+ 0.002 3.5+ 0.2 0.085+ 0.005 3.86+£0.8
2003 0.092t 0.007 4.0+ 1.6 0.086+ 0.002 3.44+:0.3 0.089+ 0.004 3.7 0.9
2004 0.096+ 0.005 3.94+-1.6 0.089+ 0.002 3.3:0.4 0.092+ 0.004 3.6+1.0
2005 0.100f 0.004 3.8+ 15 0.092+ 0.001 3.3+ 04 0.096+ 0.003 3.6+ 0.9
2006 0.103f 0.004 3.7+14 0.096+ 0.001 3.44+:0.3 0.100+ 0.002 3.5+-0.8
2007 0.107 0.004 3.7+1.3 0.099+ 0.001 3.5+0.3 0.103+ 0.002 3.6+:0.8
2008 0.111 0.005 3.6t+1.1 0.103+ 0.001 3.6t 0.3 0.1074+ 0.003 3.6+ 0.7
2009 0.114+ 0.005 3.4+:1.0 0.106+ 0.001 3.7+0.3 0.110+ 0.003 3.6:0.6
2010 0.118+ 0.006 3.2+1.1 0.1104+ 0.001 3.7+£0.3 0.1144 0.003 3.5+ 0.7
2011 0.121+ 0.006 3.0+£1.6 0.114+ 0.001 3.7+t 0.3 0.117+ 0.004 34+ 1.0

* Annual hemispheric mean mole fractions and growth rates are estimated from the smoothing cubic spline fits.

measurements are considered below the estimated detectidractions in the NH than in the SH due to the 1 to 2 year mix-
limits of the instruments, see Fig.and Fig.2. Analysis of  ing time between the two hemispheres. This is confirmed by
firn air samples from Greenland confirm that there is no de-the lag in the SH growth rate as compared to that estimated in
tectable natural abundance for these PFG&16and GF12 the NH. Higher variability in the NH samples can be seen in
exhibit quasi-exponential growth in the 1980s and then growthe early years for §F10 and GF12, as compared to the SH
nearly linearly to present day globally averaged (taken as thesamples. This is attributed to sampling of less well mixed air
average between the NH and SH spline fit data) backgroundiue to emissions originating primarily in the NH, although
atmospheric mole fractions of 0.17 ppt and 0.12 ppt, respecefforts were made to fill the archive tanks during baseline
tively. The slowdown in growth rates in the the 2000s suggestonditions.

that emissions are decreasing, as is supported by the decline CgF14 and GF16 are not detectable in the archived sam-
in the inter-hemispheric gradients seen in the observationgples until 1984-1985 and grow quasi-exponentially until
for C4F10 and GF12. Emissions of these high molecular 1999 and 1992, respectively, see Figand Fig.4. CgFig
weight PFCs based on EDGARvV4.2 are of anthropogenic orifollows a similar trend to that of §F14, although it is not de-

gin and primarily released in the NHER-JRC/PBL. 2009. tectable until the mid 1990s, see Fig.which is most likely
Therefore as is expected, we see higher atmospheric moldue to lower emission ratesgk 4 is the most abundant of
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Table 7. Northern and Southern Hemisphere and Global Average Annual Mean Mole Fractions and Growth Rates and Associated Uncer-
tainties 1980-2011 for §F1g.*

Northern Hemisphere Southern Hemisphere Global Average
Mole Fraction  Growth Rate Mole Fraction  Growth Rate Mole Fraction  Growth Rate

Year [ppt] [ppayr?] [ppt] [ppayr [ppt] [ppayr—]
1980 0.001+ 0.004 0.4+ 1.3 0.011+ 0.009 0.5+ 2.9 0.006+ 0.006 0.5+21
1981 0.001+ 0.004 04+ 14 0.012+ 0.007 0.4+ 2.7 0.007+ 0.006 0.4+ 2.1
1982 0.002- 0.004 0.3+:15 0.012+ 0.007 0.4+:2.4 0.007+ 0.006 0.3:1.9
1983 0.002+ 0.004 0.3+ 15 0.012+ 0.007 0.4+ 2.0 0.0074 0.006 0.3+ 1.7
1984 0.002+ 0.005 0.7+£15 0.013+ 0.008 0.5+ 15 0.008+ 0.007 0.6+ 1.5
1985 0.003f 0.005 1.3+1.7 0.013+ 0.009 0.7+ 0.9 0.008+ 0.007 1.0£1.3
1986 0.005+ 0.006 1.9+1.7 0.014+ 0.009 0.9+ 0.7 0.0104 0.008 1.4+ 1.2
1987 0.00A 0.007 25+ 15 0.015+ 0.009 1.3+ 0.9 0.011+4 0.008 1.9+-1.2
1988 0.010+ 0.008 3.1+ 1.1 0.017+ 0.008 16+1.1 0.013+ 0.008 2.3+ 1.1
1989 0.013+ 0.008 3.6+ 0.7 0.019+ 0.007 2.0+ 1.2 0.0164 0.008 2.6+ 1.0
1990 0.01A 0.008 4.1+ 0.5 0.021+ 0.006 2.3+ 1.2 0.019+ 0.007 3.2+ 0.8
1991 0.021+ 0.008 45+ 0.5 0.023+ 0.005 2.7+1.2 0.022+ 0.007 3.6:0.8
1992 0.026+ 0.008 4.8+ 0.7 0.026+ 0.004 3.0+£11 0.0264 0.006 3.9+ 0.9
1993 0.03%% 0.007 5.0+ 0.9 0.029+ 0.003 3.4+ 0.9 0.0304+ 0.005 4.2+ 0.9
1994 0.036+ 0.007 5.1+1.0 0.033+ 0.002 3.8+:0.8 0.034+ 0.004 44409
1995 0.041+ 0.006 52+ 1.0 0.037+ 0.002 4.1+ 0.6 0.039+ 0.004 4.6+ 0.8
1996 0.046+ 0.005 5.1+ 1.0 0.0414 0.002 4.4+ 0.5 0.0444- 0.003 4.8+ 0.8
1997 0.051-0.004 5.0+:1.0 0.045+ 0.002 4.6+ 0.4 0.048+ 0.003 4.8+0.7
1998 0.056+ 0.003 4.8+ 0.8 0.050+ 0.002 4.8+ 04 0.053+ 0.002 4.8+ 0.6
1999 0.0614 0.002 45+0.7 0.0554+ 0.002 4.9+ 0.4 0.058+ 0.002 4.7+ 0.6
2000 0.065+ 0.002 4.2+ 0.6 0.0604£ 0.002 49404 0.063+ 0.002 45+ 0.5
2001 0.069t 0.001 3.7+£05 0.065+ 0.002 4.6t 0.4 0.067+ 0.002 4.2+ 0.4
2002 0.073+-0.001 3.2£ 0.4 0.069+ 0.002 4.2+ 0.4 0.071+ 0.002 3.7+ 0.4
2003 0.076£ 0.001 2.86+-0.4 0.073£ 0.002 3.5+-0.4 0.074+ 0.001 3.1+:0.4
2004 0.078t 0.001 2.3+ 0.5 0.076+ 0.001 2.9+ 04 0.077+ 0.001 2.6+ 04
2005 0.08140.001 2.0+ 0.6 0.079+ 0.001 24+ 0.4 0.080+ 0.001 2.2+ 05
2006 0.082t 0.002 1.6+0.8 0.081+£ 0.001 2.0+£0.3 0.082+ 0.002 1.8+ 0.6
2007 0.084+ 0.002 1.4+ 1.0 0.083+ 0.001 1.7+ 0.3 0.083+ 0.002 1.5+ 0.7
2008 0.085+ 0.003 1.2+1.2 0.085+ 0.001 1.4+:0.3 0.085+ 0.002 1.3:0.8
2009 0.086+ 0.004 1.0+£1.2 0.086+ 0.001 1.2+ 04 0.086+ 0.003 1.1+ 0.8
2010 0.08% 0.006 1.0+1.1 0.087+ 0.001 1.0+:0.4 0.087+ 0.003 1.0+0.7
2011 0.088+ 0.007 1.0+0.7 0.088+ 0.001 0.9-0.4 0.088+ 0.004 0.9+ 0.6

* Annual hemispheric mean mole fractions and growth rates are estimated from the smoothing cubic spline fits.

the PFCs studied here at a globally averaged backgroundre primarily in the NH. There is one NH sample with a fill
tropospheric mole fraction of 0.27 ppt in 2011. The glob- date in 1986 with anomalously low values fogkz4, C7F16

ally averaged atmospheric mole fraction in 2011 is 0.12 pptand GF1g, lower than the atmospheric mole fractions found
for C7F16, and GFis is the least abundant of all of these inthe SH samples with similar fill dates. However, this 1986
PFCs at 0.09 ppt. The growth rate o§Kz4 peaks in 1999 NH air sample is below the detection limit of the SIO in-
and has since declined to a 2011 annual global average aftrument. Furthermore, this sample was not filled for the pur-
5.0ppqyrl. The trend in GFig's growth rates differ from  pose of an air archive and has been shown to have depleted
the other PFCs, in that its growth has been relatively con-mole fractions for GFg, C3Fg and sulfur hexafluoride (Sl
stant at 3 to 4ppqyrt for the last 15 years. The atmo- most likely due to the fill technique. The absolute maximum
spheric trends and growth rates affzg are similar to those  growth rate is higher in the SH than in the NH fogkz4 and

of CgF14, although with lower absolute values, with a 2011 CgF1g. This is most likely a result of the lack of NH data in
mean growth rate of 0.9 ppqyt. As seen with GFigand  the 1990s to constrain the cubic smoothed spline fit and not
CsF12, the NH archived air samples forgEr4, C7F16 and that SH emissions dominate globally.

CgF1s have higher atmospheric mole fractions than the SH RecentlyLaube et al(2012 also published atmospheric
samples with similar fill dates, suggesting that the emission®bservations for gFig9, CsF12, CeF14 and GFie. Their
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Fig. 1. The top panel shows the atmospheric mole fractions ofFig. 3. Same as Fidl, but for GsF14.

C4F10 based on Northern Hemisphere (blue circles and diamonds)

and Southern Hemisphere (red circles and diamonds) archived air

sample measurements. The circles are for the samples measured Bsults agree fairly with those presented here. The most no-
the SIO Medusa and the diamonds are for the samples measured déable differences are fordE15, whereLaube et al.(2012

the CSIRO Medusa. The vertical bars on the observations denoteeports a 2010 mole fraction that is 17 % higher than that pre-
the 1o standard deviations of the sample measurements (often thgented here, and for7€;s, whereLaube et al(2012 finds
measurement uncertainty is too small to be seen on the figure). Thg 2010 mole fraction that is 12 % lower than the estimate in
blue and red lines are the best fits to the Northern Hemisphere anghis study. These differences most likely can be attributed to
Southern Hemisphere observations, respectively, and the shadingiterences in calibration scales. In particular, the calibration
is their estimated uncertainties. The grey shading shows the detec;s-cale estimated biaube et al(2012 for C7F1s was pre-

tion limits for the two Medusa systems, with light grey for the SIO d usi 85 9% n-i d b )
Medusa and dark grey for the CSIRO Medusa. The bottom panepgre, using an 0 n isomer of/fie and may be a C(?n
shows the average annual growth rates in mole fractions for thé/1Puting factor to the differences between the two studies.
Northern (blue) and Southern (red) Hemispheres, calculated from Based on the globally averaged 2011 atmospheric mole
the smoothing spline fits, and their estimated uncertainties, showiractions (Tables3-7), the global radiative forcing of each
as the shading. PFC can be estimated using the radiative efficiencies pre-
sented in Tabld. For &4F10, CsF12 and GF14 we use the
radiative efficiencies given biforster et al(2007), and for

C;F16 and GF1g, we use the radiative efficiencies given by

o Northern Hemisphere , Ivy et al. (2012. CgF14 contributes the most of these high
o Southern Hemisphere . ;(.-«,»;-"-"-‘ molecular weight PFCs to the global radiative forcing in
o1l © SIOMedusa i 2011, and is similar to that of4Eg (Muhle et al, 2010. The
B ¢ CSIRO Medusa Lo other PFCs in this study contribute approximately equally
:s A to global radiative forcing; and in total the high molecular
J” 0051 o weight PFCs 2011 atmospheric mole fractions contribute to
el a globally averaged radiative forcing of 0.35 m\Wfn
Lo, 175 1980 1985 1990 1995 2000 2005 2010 5 Conclusions and future implications
\E Atmospheric histories and long-term growth trends have
& 5 -—Q\ been presented for the high molecular weight PFGE16;
5; CsF12, CgF14, C7F16 and GF1g. These histories and trends
0 o5 1980 1985 1990 1995 2000 2005 2010 are _based. on new measurements of a collection of NH
archived air samples and a subset of the CGAA. The mea-
Fig. 2. Same as Figdl, but for GFqo. surements were made with the Medusa systems and are

calibrated against new primary standards for these PFCs.
The contribution of all of the heavy PFCs studied here
to global radiative forcing is 0.35mWTmR. While this is
relatively small compared to the total radiative forcing of
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_ PFC emissions§emiconductor Industry AssociatioP001,
o Northern femisphere | L&  World Semiconductor Counci005. Although PFCs con-
o aoMedue ’Qﬁ" ’ tribute a relatively small amount to global radiative forcing,
T " 4 CSIRO Medusa / due to their long lifetimes they are considered to have a per-
= p e manent effect on the Earth’s radiative budget when human
o /~/’ i timescales are considered.
0.05 1 o 25
74
O % °
T e Supplementary material related to this article is
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o
& 59 %
uﬁ
Sh oL

1975 1980 1985 1990 1995 2000 2005 2010 AcknowledgementsThis research is supported by the NASA

Fig. 4. Same as Figl, but for G;Fy. Upper Atmospheric Research Program in the US with grants
NNX11AF17G to MIT, and grants NNX11AF15G and
NNX11AF16G to SIO, by Defra and NOAA in the UK, by
017 CSIRO and the Australian Government Bureau of Meteorol-
© Northern Hemisphere ogy in Australia to the AGAGE network, and by a consortium
0087 e Southern Hemisphere of 40 industrial and foundation sponsors of the MIT Joint
T o006l :ilsoui\gel(\i;?usa Program on the Science and Policy of Global Change (see
a7 http://globalchange.mit.edu/sponsors/current htmlWe  thank
mf 0.04] Randy Dickau, Jeremy Ward, Nigel Somerville and the late Laurie
v Porter for their meticulous work at the Trinidad Head, California
0,021 and Cape Grim, Tasmania stations and Rebecca Gregory and

Stephanie Mumma for their help at CSIRO and SIO. We also thank
: : : : : Ralph F. Keeling and the late Charles D. Keeling for Northern
1990 1995 2000 2005 2010 Hemisphere archived air samples. The authors would like to thank
the anonymous reviewers for their helpful comments.

/\ Edited by: A. Engel

1975 1980 1985 1990 1995 2000 2005 2010

l'

1975

1980 1985

CF s [ppa/yrl
(9] ]

References

T

ig. 5. Same as Fidl, but for GgF1g.
Arnold, T., Muhle, J., Salameh, P. K., Harth, C. M., lvy, D. J., and

Weiss, R. F.: Automated Measurement of Nitrogen Trifluoride
in Ambient Air, Anal. Chem., in pres$j0i:10.1021/ac300373e
2012.

Bravo, I. A., Aranda, A., Hurley, M. D., Marston, G., Nutt, D. R.,

2434mW nt2 in 2008 for all species regulated under the
Kyoto Protocol, the heavy PFC atmospheric mole fractions,
in 2011 contribute up to 6 % of the total anthropogenic PFC Shine, K. P., Smith, K., and Wallington, T. J.: Infrared absorption
radiative forcing {lontzka and Reimani201% Muhle et al, spectra, radiative efficiencies, and global warming potentials of
201Q Oram et al.2012). perfluorocarbons: comparison between experiment and theory, J.
The heavy PFCs in this study exhibited the largest growth Geophys. Res., 115, D243134i:10.1029/2010JD014772010.
rates in the 1980s and 1990s and have since slowed, sugge&ieeds, D. A., Vollmer, M. K., Kulongoski, J. T., Miller, B. R.,
ing that recent emissions may be decreasing as alternative Mihle, J., Harth, C. M., Izbicki, J. A., Hilton, D. R., and
compounds, with most likely lower GWPs, are us&f-( Weiss, R. F.: Evidence for crustal degassing o @Rd Sk in
fice of Air and Radiation and Office of Atmospheric Pro- ~ Mojave Desert groundwaters, Geochim. Cosmochi. Ac., 72(4),
grams 2006. Based on previous studies, atmospheric ob- IIi?)?w_lglf_doF:12.:31'?#(.)%?;;?107&}.ggggzd additions: myth
servations are crucial in providing measurement-based emis® and reality, The Analyst, 133, 992-99T0i-10.1039/b717660k
sion estimates to verify bottom-up inventories, which often 2008.
show large discrepancieM(ihle et al, 201Q Oram et al.

. . . Enting, I. G., Trudinger, C. M., and Etheridge, D. M.: Propagating
2012. Additionally, future observations of these high molec- 4¢3 uncertainty through smoothing spline fits, Tellus B, 58, 305—

ular weight PFCs will be important in confirming that the 309, doi:10.1111/j.1600-0889.2006.001932006.
semiconductor industry, which primarily focus on the use European Commission, Joint Research Centre (JRC)/Netherlands
of low molecular weight PFCs, are indeed reducing global Environmental Assessment Agency (PBL): Emission Database

www.atmos-chem-phys.net/12/4313/2012/ Atmos. Chem. Phys., 12, 431325 2012


http://www.atmos-chem-phys.net/12/4313/2012/acp-12-4313-2012-supplement.pdf
http://www.atmos-chem-phys.net/12/4313/2012/acp-12-4313-2012-supplement.pdf
http://globalchange.mit.edu/sponsors/current.html
http://dx.doi.org/10.1021/ac300373e
http://dx.doi.org/10.1029/2010JD014771
http://dx.doi.org/10.1016/j.gca.2007.11.027
http://dx.doi.org/10.1039/b717660k
http://dx.doi.org/10.1111/j.1600-0889.2006.00193.x

4324 D. J. lvy et al.: Histories of heavy PFCs

for Global Atmospheric Research (EDGAR), Release 4.0, avail- pounds, Anal. Chem., 80, 1536—15419i:10.1021/ac702084k

able at:http://edgar.jrc.ec.europa.elast access: 15 December 2008.

2011, 2009. Montzka, S. A. and Reimann, S.: Ozone-depleting substances
Forster, P., Ramaswamy, V., Artaxo, P., Berntsen, T., Betts, R., Fa- (ODSs) and related chemicals, in: Scientific Assessment of

hey, D. W., Haywood, J., Lean, J., Lowe, D. C., Myhre, G.,  Ozone Depletion: 2010, Global Ozone Research and Monitoring

Nganga, J., Prinn, R., Raga, G., Schulz, M., and Van Dorland, R.:  Project, Rep. 52, World Meteorol. Org., Geneva, Switzerland, 1—

Changes in atmospheric constituents and in radiative forcing, 108, 2011.

in: Climate Change 2007: The Physical Science Basis. Contri-Mihle, J., Ganesan, A. L., Miller, B. R., Salameh, P. K.,

bution of Working Group 1 to the Fourth Assessment Report Harth, C. M., Greally, B. R., Rigby, M., Porter, L. W,

of the Intergovernmental Panel on Climate Change, edited by: Steele, L. P., Trudinger, C. M., Krummel, P. B., O’Doherty, S.,

Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Av- Fraser, P. J., Simmonds, P. G., Prinn, R. G., and Weiss, R. F..

eryt, K. B., Tignor, K. B., and Miller, H. L., Cambridge Univ. Perfluorocarbons in the global atmosphere: tetrafluoromethane,

Press, Cambridge, UK and New York, NY, USA, 2007. hexafluoroethane, and octafluoropropane, Atmos. Chem. Phys.,
Francey, R. J., Steele, L. P., Spencer, D. A, Langenfelds, R. L., 10, 5145-5164d0i:10.5194/acp-10-5145-2012010.

Law, R. M., Krummel, P. B., Fraser, P. J., Etheridge, D. M., NIST Mass Spec Data Center, Stein, S. E., Director: Mass Spec-

Derek, N., Coram, S. A., Cooper, L. N., Allison, C. E., Porter, L., tra, in: NIST Chemistry WebBook, NIST Standard Reference

and Baly, S.: The CSIRO (Australia) measurement of greenhouse Database Number 69, edited by: Linstrom, P. J. and Mallard,

gases in the global atmosphere, in: Baseline Atmospheric Pro- W. G., National Institute of Standards and Technology, Gaithers-

gram Australia 1999-2000, edited by: Tindale, N. W., Derek, N.,  burg, Maryland, USAhttp://webbook.nist.gg\Uretrieved 9 Oc-

and Fraser, P. J., Bur. of Meteorol., Melbourne, Victoria, Aus-  tober 2009).

tralia, 42-53, 2003. Oram, D. E., Mani, F. S., Laube, J. C., Newland, M. J.,
Harnisch, J., Borchers, R., Fabian, Paggeler, H. W., and Schot- Reeves, C. E., Sturges, W. T., Penkett, S. A., Brenninkmei-

terer, U.: Effect of natural tetrafluoromethane, Nature, 384, p. 32, jer, C. A. M., Rdckmann, T., and Fraser, P. J.: Long-term tropo-

doi:10.1038/384032a0996a. spheric trend of octafluorocyclobutane (gHg or PFC-318), At-
Harnisch, J., Borchers, R., Fabian, P., and Maiss, M.: Tropo- mos. Chem. Phys., 12, 261-26#i:10.5194/acp-12-261-2012

spheric trends for CfFand GFg since 1982 derived from GF 2012.

dated stratospheric air, Geophys. Res. Lett., 23, 1099-11020ffice of Air and Radiation and Office of Atmospheric Programs,

doi:10.1029/96GL01198.996b. Climate Change Division: Uses and Emissions of Liquid PFC

International Aluminium Institute: Results of the 2010 Anode Ef-  Heat Transfer Fluids from the Electronics Sector, in: US EPA Re-
fect Survey: Report on the Aluminum Industry’s Global Perfluo-  port EPA-430-R-06-901, United States Environmental Protection
rocarbon Gases Emissions Reduction Programme, International Agency, 2006.

Aluminium Institute, London, UK, 2011. Prinn, R. G., Weiss, R. F.,, Fraser, P. J., Simmonds, P. G.,

vy, D. J., Rigby, M., Baasandorj, M., Burkholder, J. B., and Cunnold, D. M., Alyea, F. N., O’Doherty, S., Salameh, P.,
Prinn, R. G.: Global emission estimates and radiative impact Miller, B. R., Huang, J., Wang, R. H. J., Hartley, D. E., Harth, C.,

of the high molecular weight perfluorocarbonsiFgg, CsF12, Steele, L. P., Sturrock, G., Midgley, P. M., and McCulloch, A.: A
CgF14, C7F16 and GF1g, Atmos. Chem. Phys. Discuss., ac- history of chemically and radiatively important gases in air de-
cepted, 2012. duced from ALE/GAGE/AGAGE, J. Geophys. Res., 105, 17751—

Krummel, P. B., Langenfelds, R. L., Fraser, P. J., Steele, L. P., and 17792, 2000.

Porter, L. W.: Archiving of Cape Grim air, in: Baseline Atmo- Ravishankara, A. R., Solomon, S., Turnipseed, A. A,
spheric Program (Australia) 2005-2006, edited by: Cainey, J. M., and Warren, R. F.. Atmospheric lifetimes of long-
Derek, N., and Krummel, P. B., Bur. of Meteorol., Melbourne, lived halogenated species, Science, 259, 194-199,
Victoria, Australia, 55-57, 2007. doi:10.1126/science.259.5092.19493.

Langenfelds, R. L., Fraser, P. J., Francey, R. J., Steele, L. P.Saito, T., Yokouchi, Y., Stohl, A., Taguchi, S., and Mukai, H.: Large
Porter, L. W., and Allison, C. E.: The Cape Grim air archive:  emissions of perfluorocarbons in East Asia deduced from con-
the first seventeen years, 1978-1995, in: Baseline Atmospheric tinuous atmospheric measurements, Environ. Sci. Technol., 44,
Program (Australia) 1994-1995, edited by: Francey, R. J., 4089-4095¢0i:10.1021/es1001488010.

Dick, A. L., and Derek, N., Bur. of Meteorol., Melbourne, Victo- Semiconductor Industry Association: Semiconductor Industry As-
ria, Australia, 53—70, 1996. sociation Announces PFC Reduction and Climate Partnership

Laube, J. C., Hogan, C., Newland, M. J., Mani, F. S., Fraser, with US EPA, Semiconductor Industry Association Press Re-
P. J., Brenninkmeijer, C. A. M., Martinerie, P., Oram, D. E., lease, 2001.

Rockmann, T., Schwander, J., Witrant, E., Mills, G. P., Reeves,Shine, K. P., Gohar, L. K., Hurley, M. D., Marston, G., Mar-

C. E., and Sturges, W. T.: Distributions, long term trends and tin, D., Simmonds, P. G., Wallington, T. J., and Watkins, M.:
emissions of four perfluorocarbons in remote parts of the at- Perfluorodecalin: global warming potential and first detec-
mosphere and firn air, Atmos. Chem. Phys., 12, 4081-4090, tion in the atmosphere, Atmos. Environ., 39, 1759-1763,
doi:10.5194/acp-12-4081-2012012. doi:10.1016/j.atmosenv.2005.01.0@DO5.

Miller, B. R., Weiss, R. F., Salameh, P. K., Tanhua, T., Greally, B. R., Tsai, W.: Environmental hazards and health risk of common liquid
Mihle, J., and Simmonds, P. G.: Medusa: a sample preconcen- perfluoro-n-alkanes, potent greenhouse gases, Environ. Int., 35,
tration and GC/MS detector system for in situ measurements of 418-424d0i:10.1016/j.envint.2008.08.002009.
atmospheric trace halocarbons, hydrocarbons, and sulfur com-

Atmos. Chem. Phys., 12, 4313325 2012 www.atmos-chem-phys.net/12/4313/2012/


http://edgar.jrc.ec.europa.eu
http://dx.doi.org/10.1038/384032a0
http://dx.doi.org/10.1029/96GL01198
http://dx.doi.org/10.5194/acp-12-4081-2012
http://dx.doi.org/10.1021/ac702084k
http://dx.doi.org/10.5194/acp-10-5145-2010
http://webbook.nist.gov
http://dx.doi.org/10.5194/acp-12-261-2012
http://dx.doi.org/10.1126/science.259.5092.194
http://dx.doi.org/10.1021/es1001488
http://dx.doi.org/10.1016/j.atmosenv.2005.01.001
http://dx.doi.org/10.1016/j.envint.2008.08.009

D. J. lvy et al.: Histories of heavy PFCs 4325

Tuma, P. and Tousignant, L.: Reducing emissions of PFC heat transAorld Semiconductor Council: Semiconductor manufacturers re-
fer fluids, presented at SEMI Technical Symposium, 3M Spe- duce PFC emissions, World Semiconductor Council Press Re-
cialty Materials, 1-8, San Francisco, CA, USA, 16 July 2001. lease, 2005.

UNEP Technology and Economic Assessment Panel: The implica-
tions to the Montreal Protocol of the inclusion of HFCs and PFCs
in the Kyoto Protocol, in: Report of the TEAP HFC and PFC
Task Force, Ozone Secretariat, United Nations Environment Pro-
gramme, Nairobi, Kenya 1-86, 1999.

www.atmos-chem-phys.net/12/4313/2012/ Atmos. Chem. Phys., 12, 431325 2012



