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Abstract. We report the first data set of atmospheric Although the abundances of the four perfluorocarbons
abundances for the following four perfluoroalkanes: reported here are currently small (less than 0.3 parts per
n-decafluorobutane  (n4€10), n-dodecafluoropentane trillion) they have strong Global Warming Potentials several
(n-CsF12), n-tetradecafluorohexane (nsf&i4) and n-  thousand times higher than carbon dioxide (on a 100-yr time
hexadecafluoroheptane (r#fis). All four compounds horizon) and continue to increase in the atmosphere. We
could be detected and quantified in air samples from remotestimate that the sum of their cumulative emissions reached
locations in the Southern Hemisphere (at Cape Grim,325 million metric tonnes C@equivalent at the end of 2009.
Tasmania, archived samples dating back to 1978) and the
upper troposphere (a passenger aircraft flying from Germany

to South Africa). Further observations originate from air

samples extracted from deep firn in Greenland and allowl Introduction

trends of atmospheric abundances in the earlier 20th century

to be inferred. All four compounds were not present in the Perfluorocarbons (PFCs) are fully fluorinated hydrocarbons
atmosphere prior to the 1960s. nfGo and n-GF1> were which have very long atmospheric lifetimes and very high
also measured in samples collected in the stratosphere witfplobal Warming Potentials (GWPs) in the case of alka-
the data indicating that they have no significant sinks in thisnes (IPCC, 2007; Bravo et al., 2010). Abundances of
region. Emissions were inferred from these observations anfour major PFCs have been reported in the atmosphere
found to be comparable with emissions from the EDGAR SO far: tetrafluoromethane (@F hexafluoroethane (Fs),
database for n-§F14. However, emissions of n+Fig, n-octafluoropropane @Esg) and cyclo-octafluorobutane (c-
n-CsF1» and n-GFig were found to differ by up to five C4Fg) (e.g. Rasmussen et al., 1979; Penkett et al., 1981,

orders of magnitude between our approach and the databaseturges et al., 1999; Khalil et al., 2003; Culbertson et al.,
2004; Worton et al., 2007; Mhle et al., 2010; Saito et al.,
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2010; Oram et al., 2012). The atmospheric sources of these 2. On board a Lufthansa aircraft at cruising altitudes of
previously reported compounds are entirely industrial and 8.6 to 12.2 km between Frankfurt (Main), Germany and

mainly attributed release from aluminium production, elec- Cape Town, South Africa on 27 and 28 October 2009
tronics manufacturing, fire protection and solvent applica- and on 20 March 2011, as well as one flight from
tions (IPCC/TEAP, 2005; hle et al., 2010), except for GF Frankfurt to Johannesburg, South Africa on 14 Novem-

which has been found to have been present in the atmosphere ber 2010 (CARIBIC project, www.caribic-atmospheric.
in pre-industrial times (e.g. Harnisch et al., 1996a; Worton et com, 48 samples analysed for this work).

al., 2007). Emissions and usage have also been reported for

other perfluoroalkanes such as BFgy and n-GF1». These 3. From deep firn air (22 samples) in Greenland at
have been proposed and/or used as refrigerants, in air con- 77-445 N, 51.066 W and 2484 m a.s.. in July 2008
ditioning, as fire suppressants and in semiconductor man-  (the North Greenland Eemian Ice Drilling project;
ufacturing (Robin and likubo, 1992; Mazurin et al., 1994; NEEM).

IPCC/TEAP, 2005; EDGAR, 2010). In addition ns&4 and . . L

n-C;F16 have been reported as solvents and heat transfer flu- 4- N the mid- and high-latitudinal upper troposphere and
ids (Stone & Springer, 1995; EPA, 2006; EDGAR, 2010; stratosphere (9 to 20km) on board the M55 Geophys-
Waugh et al., 2011). The GWPs of three of the latter four ica high altitude aircraft during two flights from and re-

compounds are 8860 (nE1q), 9160 (n-GF12) and 9,300 turning to Oberpfaffenhofen, Germany on 30th October
(N-CsF14) on a 100-yr time horizon (IPCC, 2007). Thus it~ and 4th November 2009 (48-5H, 7-12 E) and seven

is likely that the GWP of n-gFys is also between 8000 and flights from and returning to Kiruna, Sweden toaetween
10000. In addition these compounds have very long atmo-  22hd January and 2nd February 2010 (66-N.71° W~
spheric lifetimes of 2,600 (n-E10), 4100 (n-GF12), 3,100 29 E).

(n-CsF14) and 3000 (n-@F16) years (WMO, 2011). Thus . . .
even comparably small emissions can result in significant Further details on sample collection can be found in Fraser

et al. (1999), Oram et al. (2012) (Cape Grim), Brenninkmei-

and long-lasting effects on atmospheric radiative forcing.. .
This work aims to fill the gap in current understanding by jer et al. (2007) (CARIBIC), Buizert et al. (2011) (NEEM)

providing temporal and spatial distributions of atmosphericand Kaiser et al. (2006) (Geophysica).
abundances for n4F1g, N-GsF12, N-CgF14 and n-GF46. Fi-

nally it is notable that a work with a similar scope appeared3
in Atmos. Chem. Phys. Discuss. on the same day as ours (lvy

etal., 2012). 3.1 Long-term tropospheric trends from Cape Grim,
Tasmania and firn air

Results and discussion

2 Experimental methods 3.11 n-GFyandn-CsFa,
Figure 1 shows the long term atmospheric trend ofsfqG
¥om 39 samples collected at the Cape Grim station. This
3rchive has been shown to represent unpolluted southern
‘ﬂemispheric (SH) abundances for a large variety of trace
%ases, by comparison of archive data with in situ Cape Grim
. o _ ; data over extended periods (CFCs: 1978—present; HCFCs,
levels with a static dilution system also descnl_aed in LaneHFCs, halons: 1998—present; PFCs: 2004—present: e.g. Oram
et al. (2010a). In case of ne€14 and n-GFae this system o5, ' 996: Fraser et al., 1999fiMle et al., 2010; Volmer et
had to be slightly modified as these cpmpounds are “ql_“dal., 2011). The compound was already present in the south-
f”‘t room tgmperaturg. Mqre details on mstr uments, Ilnearlty,em hemispheric atmosphere in 1978 and its abundances have
|denF|f|cat|on_and c_allbratlon can be found in the supplgmen-been increasing ever since. This is the case for all four com-
tary information. Air samples were collected as follows: pounds reported here. nEyo mixing ratios increased from
0.018t0.002 ppt in 1978 to 0.1210.002 ppt at the end of
1. From an air archive collected at a ground-based ob-2010. Growth rates were inferred by fitting a five parameter
servatory at Cape Grim, Tasmania (&, 145 E, sub-  sigmoid expression to the data set (also shown in Fig. 1) sim-
samples of the original Cape Grim air archive up to ilar to the method presented in Sturges et al., 2012. We es-
1994, samples collected directly for UEA since then). timate growth rates increasing from 4.1 part per quadrillion
These samples have been shown to contain concentrdppq) per year in 1979 to a maximum of 6.7 ppg¥ymn 1996.
tions of atmospheric trace gases that are representativBince then growth rates have been decreasing to 3.5 ppq yr
of the remote and well-mixed southern hemispheric tro-in 2005 reaching 2.6 ppqyt in 2010. All annual growth
posphere. rates can be found in the supplementary information.

The data reported here are based on Gas Chromatograph
Mass Spectrometry (GC-MS) measurements of air sample
using a system that has been described in detail in Laube
al., 2010a. Calibration scales were established by diluting th
pure compounds down to parts per trillion (ppt) mixing ratio

Atmos. Chem. Phys., 12, 4081-4090, 2012 www.atmos-chem-phys.net/12/4081/2012/
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Fig. 1. Mixing ratios of n-GF1g as a function of time as mea- Fig. 2. Same as in Fig. 1 but for n¢E.
sured in air samples collected in the Southern Hemisphere (black
diamonds, from Cape Grim, Tasmania, &, 145 E) as well as
derived from Northern Hemispheric deep firn air samples (green
line, collected in Greenland in 2008, 77.44%, 51.066 °W, As can be seen in Fig. 1 the NH trend extends further
2484 m a.s.l.). The black line is a sigmoid expression fitted throughback in time compared to the SH archive with pHgp estab-
the Cape Grim trend in order to derive growth rates and emissionslishing a presence in the atmosphere between the late 1960s
The blue triangles are mixing ratio averages of samples collecteynd early 1970s with mixing ratios of less than our detection
in the tropical troposphere between 10 apd 12 km and with?r\20 _limit of 1 ppq prior to this time. n-GF1o has been slightly
and 20 S. The error bars on the blue triangles and Fhe. black d"more abundant in the NH than in the SH which would be ex-
amonds represent ther Imeasurement standard deviations. The pected for an anthropogenic compound with increasing con-
dashed lines consist of the sum(a the firn air model maximum . . . . - .
and minimum runs obtained by adding and subtracting thenga- centrations and main sources in the mdustnah_sed cogntrles
surement standard deviations to/from the firn data(apthe max- Of_ the NH' The temporal ev_olutlon of the trend is conS|s.tent.
imum deviation of the actual mixing ratios from the polynomial fit- With this hypothesis as the increase and the recent decline in
ted to derive the NH trend. growth is detected in both hemispheres (Fig. 1). The uncer-
tainties connected with the firn reconstruction do not allow
further interpretation. The firn air trend ends in mid 2008
The northern hemispheric (NH) trend of &g was in- i.e. the time of the respective field campaign. It should be
ferred from the firn air measurements. Firn provides a natnoted, however, that the uppermost part of the firn contains
ural air archive for all compounds that are sufficiently inert air which does less well represent the averaged composition
in this environment, which is a reasonable assumption forof the atmosphere. Therefore a direct comparison with the
compounds as stable as perfluoroalkanes (see also Wortddape Grim trend should only be considered appropriate until
et al., 2007). Firn air has been previously used to recon-2007.
struct the long term atmospheric trends of a variety of at- A similar compilation of results is shown in Fig. 2 for
mospheric trace gases (e.g. Butler et al., 1999; Sturges et alh-CsF12. Mixing ratios at Cape Grim increased monoton-
2001; Montzka et al., 2004; Worton et al., 2007; Martinerie ically from 0.018:0.002 ppt in 1978 to 0.14#0.002 ppt
et al., 2009 or Laube et al., 2010a). We use here an iterativat the end of 2010. Generally rsE2 shows similarities
modelling approach to convert the measured mixing ratioso n-G4F10 at Cape Grim with a very constant abundance
and firn depth profiles into atmospheric trends (Trudingerratio of 0.79£0.04 (n-GF12/n-C4F10) for almost the com-
et al.,, 2002) in conjunction with a firn physical transport plete data set (except the very low abundances observed in
model (Witrant et al., 2011) which accounts for gaseous dif-1978 which also have higher relative uncertainties). Con-
fusion, gravitational settling, downward advection and bub-sequently growth rates show a similar behaviour increas-
ble trapping within the firn. The model has been tuned to theing from 2.1 ppqyr?! in1979 to 6.1 ppqyr! in 1996 and
NEEM site according to the data set provided by Buizert etthen decreasing to 2.4 ppqyrin 2005 and 1.6 ppqyr
al. (2011). This method requires essentially no presumptionsn 2010. The trend derived from the firn air again implies
about the atmospheric trends, other than compounds increathat detectable abundances of gF¢ appeared in the at-
ing monotonically from negligible abundances to the known mosphere between the late 1960s and early 1970s. Due
present day mixing ratios. A comparison of measured firnto worse measurement precisions the uncertainties of this
depth profiles to firn model results can be found in the sup-firn trend are greater compared to that of giFg but the
plementary information. reconstruction generally follows the Cape Grim trend at

www.atmos-chem-phys.net/12/4081/2012/ Atmos. Chem. Phys., 12, 4081-4090, 2012
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Fig. 3. Same as in Fig. 1 but for ngF14 (black and blue) and n-
C7F16 (red and green).

comparable abundances. In the 1990s NH and SH mixing ra-
tios of n-GF12 begin to increase less rapidly until the end
of the firn record in 2008. Possible explanations for this be-
haviour could be the declining emissions which are explained
in more detail in Sect. 3.3. Of the four compounds reported
here n-GF12 is the one with the smallest growth rates in re-
cent years. However, it should be noted that mixing ratios of
n-CsF12 have increased by more than 30 % in both hemi-
spheres over this slowdown period (1996-2008). We have
also compared our SH mixing ratios at the end of 2010 to the
2011 globally averaged background atmospheric mole frac-
tions reported in the simultaneously published work of vy
et al., 2012. They find comparable mixing ratios of 0.18 ppt
for C4F10 (our value: 0.171 ppt) and 0.12 ppt fogli 2 (our
value: 0.141 ppt). However, in addition to possible calibra-

J. C. Laube et al.: Perfluorocarbons in remote parts of the atmosphere and firn air

sequence n-§-14 became the most abundant of these
four PFCs from 1999 onwards reaching 0.258007
ppt at the end of 2010. Ivy et al., 2012 report a com-
parable globally averaged mixing ratio of 0.28 ppt for
2011.

. The trend of n-gF14 derived from the firn deviates

somewhat from the Cape Grim trend during the pe-
riod when n-GF14 increased most rapidly in the atmo-
sphere. This is likely caused by the limitations of the firn
reconstruction which gives a smoothed view of reality,
especially for reconstructions based on a single site with
a limited number of data points in deep firn where age
mixing is strong. This is most pronounced in the case
of n-CgF14 which has the least linear atmospheric trend
of the four compounds. To evaluate the limitations of
the reconstruction method we also derived atmospheric
histories from firn using an inverse modelling approach
(LGGE-GIPSA inverse model as described in Witrant
et al., 2011 and Wang et al., 2011) which gave similar
results within the uncertainties presented in the figures.

. Growth rates of n-@F16 at Cape Grim increased from

0.5 ppglyear in 1979 to 3.2 ppqyr in 1992. They
then stabilised and have been constant at 3.5 ppl yr
since 2003. Therefore n#€¢ is the only one of the
four compounds which shows no significant decline in
growth rate in recent years. However, with a mixing ra-
tio of just over 0.1 ppt (0.1050.005 ppt at the end of
2010) at Cape Grim it so far remains the least abun-
dant PFC reported here. Again, lvy et al. (2012) report
a comparable globally averaged mixing ratio of 0.12 ppt
for 2011.

tion scale differences, the limitations of this comparison due3.2 Aircraft data from stratosphere and upper

to the above mentioned differences in collection dates and
averaging methods should be noted.

3.1.2 n—Q; Fia and n-C7 Fi6

troposphere

Stratospheric samples can also be utilised as a short-term
air archive in the case of very long-lived atmospheric trace
gases with no significant sinks in this region. This has been

For procedural reasons fewer samples were analysed for rfeund previously by Harnisch et al. (1996b) for £&nd

CsF14 and n-GFy6 leading to a reduced data set for these

Oram et al. (2012) for c-gFg. The 99 stratospheric air sam-

two compounds. Figure 3 shows the respective time seples collected on aircraft flights in the mid and high north-

ries derived from Cape Grim samples with mixing ratios of
0.016 ppt (n-GF14) and 0.012 ppt (n-&F16) in 1978. Apart

ern hemisphere as described above were analysed for their
content of n-GF1g, N-GsF12 and also SE. The latter can

from the firn trends indicating an onset of emissions betweerbe used to infer so-called mean ages of air which repre-

the late 1960s and early 1970s (similar to fF¢ and n-
CsF12) three points are most notable:

1. Of the four compounds reported here gF¢; exhib-
ited the highest growth rates ranging from 2.7 ppoiyr
in 1979 to 15.2ppqyrt in 1998, more than dou-
ble the maximum growth rates of n4E 0 and n-
CsF12. In recent years growth rates of this compound
have decreased but were still comparably high with
8.3 ppqyr!in 2005 and 4.0 ppg/yearin 2010. As a con-

Atmos. Chem. Phys., 12, 4081-4090, 2012

sent the average time the sampled stratospheric air parcel
has spent in the stratosphere (see details of the method in
Engel et al., 2002, its application in Laube et al., 2010b
or Oram et al.,, 2012, and the NOAA-ESRL tropospheric
record of Sk from Geller et al. (1997) with updates down-
loaded fromhttp://www.esrl.noaa.gov/gmd/). Vertical trans-
port times in the stratosphere are on the order of years and
our data set allows us to track the temporal evolution of n-
C4F10 and n-GFq2 up to six years back in time from the
dates of the field campaigns in late 2009 and early 2010.

www.atmos-chem-phys.net/12/4081/2012/
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Fig. 4. Mixing ratios of n-GFyo (black) and n-GFi (red) in Fig. 5. Mixing ratios of n-GyF 19 as a function of latitude as mea-

the stratosphere above Oberpfaffenhofen, Germany in late 200§ured in air samples collected at altitudes between 8.6 and 12.2km

and above Klru_na, Swec_zlen in early 20.10' Tropospheric ?qqlvalenduring passenger aircraft flights from Frankfurt (Main, FFM), Ger-
dates were assigned using stratospheric mean ages of air (i.e. aver-

age stratospheric transit times) derived from simultaneous measuremany to Cape Town (CT) and Johannesburg (JB), both South

ments of Sg. The error bars again represent the ineasurement Africa.
standard deviations.
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The results are shown in Fig. 4. It should be noted thatana- g9+ | ® 28/10/2009 CT-FFM| ______|
lytical precisions for these stratospheric measurements were_ A 14/11/2010 FFM-JB
generally worse compared to the data presented in Sect. 315 | U ® 20/03/2011 FEMCT] |
This is due to limitations during the analysis with limited MS 2 ' {

dwell times on the respective ions as other compounds whichg, { I {I

eluted close in time also needed to be measured. In the uppes 014 {{{i n #%H{ﬂih{ L

tropospheric/lower stratospheric region mixing ratios around = {

0.179 ppt for n-GF19 and 0.139 ppt for n-€F12 were ob- 012 - b E'H 77777777 {{i 77777777

served which is consistent with the tropospheric abundances { }

inferred from ground-based measurements. A linear regres- | ‘ ‘ ‘ ‘

sion gives average growth rates of 2@R6 ppqyr? for n- 40 20 0 20 40 60

C4F10and 1.6:0.5 ppq yr ! for n-CsF1» for the period from Latitude [N]

late 2003 to early 2010 (uncertainties are &andard de-

viations). These growth rates agree with the average growtffig. 6. Same as in Fig. 5 but for ngE1.

rates from Cape Grim measurements within the uncertain-

ties (i.e. 2.9-0.8 ppq for n-GF1g and 1.9:0.8 ppqyr ! for

n-CsF12 averaging from 2004 to 2010 to account for inter- in 2010. As the & measurement uncertainties are around

hemispheric transport). This also indicates that the two com2 % (n-GF10) and 3.5% (n-GF12) interhemispheric gradi-

pounds do not have any significant sinks in the lower strato-ents are not detectable during our measurement period. It

sphere as the respective sink reactions would misleadinglghould also be noted that individual mid-latitudinal samples

lead to higher growth rate estimates. However, it should bemight be influenced by stratospheric air resulting in too low

noted that there are uncertainties of this technique which weabundances. However, the tropical samples (withindt@he

can not account for such as the unknown distribution of age®quator) can be considered as most representative for global

contained within a stratospheric air parcel. tropospheric trends as these are unlikely to be influenced by
The upper tropospheric measurements obtained from thstratospheric air due to the higher tropopause in this region.

CARIBIC samples between 2009 and 2011 are displayedrhus the respective average mixing ratios are also included

in Figs. 5 (n-GF1g), 6 (n-GF12), and 7 (n-GF14 and n-  in Figs. 1 and 2 and show good agreement with the ground-

CsF1g). All four flights represent essentially hemispheric based samples.

cross-sections with very little longitudinal variation (within ~ Only the air samples from the most recent CARIBIC flight

6 and 28° E). A full data set is again only available for n- were analysed for their content of rsl&4 and n-GFie

C4F10 and n-GF12 which will be discussed first. Cape Grim (Fig. 7). n-GF14 is on average more abundant in the NH

growth rates of n-gF10 and n-GF12 were both below 2%  which is supported by a tropical average mixing ratio more

www.atmos-chem-phys.net/12/4081/2012/ Atmos. Chem. Phys., 12, 4081-4090, 2012
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Fig. 7.Same as in Fig. 6 but for ngE14 (red) and n-GF4¢ (black).
Fig. 8. Time series of the global emissions of R (black) and
n-CsF1» (red) modelled from the Cape Grim trends (solid lines)

than 5% higher than the one observed at Cape Grim les) 9i9agrams (Gg) per year as compared to emissions reported by
than 4 months earlier. In the case of ARG data is only the EDGAR emission database (long-dashed lines, EDGAR, 2010).

. X . Please note that the EDGAR emissions forgFg are very small
available for half of the samples due to an intermittent prOb'and thus plotted on a separate y-axis. The short-dashed lines are un-

lem with the MS d_ata achISItlon_method. Th_erefore we on_ly certainty estimates consisting @) the 1o measurement standard
compare the tropical average with Cape Grim data and finQjeyiations plugb) the square root of the sum of the squares of the
good agreement within the analytical uncertainties. of the deviation of the actual mixing ratios from the polynomials fit-
ted to derive the growth rates pl(t an additional calibration scale
3.3 Top-down emission estimates and comparison with  uncertainty (see Supplement).
EDGAR database

Emissions were estimated using a 2-D atmospherigdlementary information for the complete numerical annual
chemistry-transport model (similar to the method in Laubeemissions data set. A comparison with published “bottom-
et al., 2010a and Oram et al., 2012) which has been provetp” industrial emissions as reported in the EDGAR database
to reproduce well known emissions of long lived compounds(EDGAR, 2010) is also shown in Fig. 8 for zE;0 and n-
emitted mainly in the northern hemisphere when constrainedCsF12. In both cases emissions reported in EDGAR are too
by southern hemispheric observations (Reeves et al., 2005)ow by orders of magnitude (about 1-2 in the case off@
Emissions were assigned predominantly (i.e. 99 %) to theand 4-5 in the case of ns€1p). It is also evident from the
northern mid-latitudes for all four compounds according to comparison that the temporal evolution of emissions does not
distributions from EDGAR, 2010 (version 4.1). The main match those reported in EDGAR. This is not surprising given
loss processes for these compounds occur outside the mod#lat there are only a limited number of countries reporting
domain hence the only sink was a diffusive loss from the topemissions of all four compounds to the EDGAR database. It
of the model which was adjusted to govern the lifetime of is particularly true in the case of ns€;2 where Romania has
the compounds. But as the lifetimes of these compounds argeen the only country reporting emissions to EDGAR, 2010.
on the order of several thousand years (IPCC, 2007; WMO, In contrast we find reasonable agreement between the
2011), the sink reactions have a negligible influence on theemissions of n-g@F14 from both approaches (Fig. 9) with
derived emissions. For the same reasons errors in these lif@ur estimates increasing from 0.16 Ggjrin 1978 to
times cannot reconcile any differences between the inven0.88 Ggyr? in 1997 followed by a decline to 0.23 Ggyk

tory emissions and those derived from atmospheric data. Thé& 2009. Finally, for n-GF5 (also Fig. 9) we find emissions
model emissions were adjusted so that the modelled mixingncreased from 0.08 Ggyt* 1978 to 0.23Ggyr in 2001
ratios for the location of Cape Grim agreed with the sig- and stabilising at this rate thereafter. The respective EDGAR
moidal trends fitted to the Cape Grim archive measurementsemissions are up to 60 % higher between 1990 and 1999 and
As displayed in Fig. 8 for n-gF1o and n-GF1» we find that ~ up to 75 % lower before and after that period — both devia-
emissions continuously increased from 1978 (0.17 Gdyr tions exceeding our estimated uncertainty envelope of up to
for n-C4F10 and 0.11 Ggyr! for n-CsF1,), peaked in the  £65%.

mid 1990s (0.27 Ggyr* for n-C4F10 and 0.31 Ggyr? for

n-CsF1o) with a subsequent decline to 0.11 Ggrfor n-

C4F10 and 0.08 Ggyr! for n-CsFq,. Please see the sup-
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Fig. 9. Same as in Fig. 8 but for ngE1 4 (black) and n-GFy¢ (red). Fig. 10. Cumulative emissions of C4 to C7 perfluorocarbons: the
four compounds reported here plus those ofyé§as updated from
Oram et al. (2012) in million metric tonnes of G@quivalent. The
Global Warming Potentials (GWPs) on a 100-yr time horizon re-
ported in IPCC (2007) were applied to derive these emissions. As no

GWP is reported for n-@F1gin IPCC, 2007 and Bravo et al. (2010)
Four perfluorocarbons, na€19, N-GsF12, n-GsF14 and n- we assumed a similar GWP to that of G4,

C7F16, have been first observed in remote parts of the at-
mosphere and firn air. These compounds are all very strong
greenhouse gases with detectable abundances appearing in
the atmosphere between the late 1960s and early 1970s arldere are significant unknown sources releasingRrgand
increasing ever since. A comparison of NH trends derivedn-CsF12 (and probably n-&F16) into the atmosphere. How-
from firn air with an archived record from Cape Grim, Tas- ever, due to the limited number of reporting countries dif-
mania showed good agreement except forgf@where the  ferences between the emission data base and our estimates
steep increase observed in the Cape Grim archive from theould well be originating from known applications in coun-
late 1980s to the 1990s could not be confirmed with the firntries that have not been reporting these emissions.
reconstruction. However, the abundances and trends agreed When applying the radiative forcings from IPCC,
for all compound from the year 2000 on. A recent slow down 2007 (GF1o: 0.33 Wnm2ppb 1, CsF12: 0.41 Wnm2ppb 1,
in growth could be observed for the three shorter-chainedCgF14: 0.49Wn12ppb 1) and Bravo et al., 2010 {E16:
PFCs but not for n-@gF16. Generally n-GF1o and n-GF12 0.45Wn12ppb1) to the mixing ratios observed at the end
showed a similar temporal evolution suggesting that theseof 2010 at Cape Grim we derive a radiative forcing of 0.285
two compounds may have been used in similar applicationsmWm~=2 from the sum of the four compounds. This is only
The trends of n-gF14 and n-GF¢ are less similar to each 0.017 % of the radiative forcing caused by anthropogenic
other although the main reported usage of both compounds i€0, in 2005 (IPCC, 2007) and we therefore conclude that
as heat transfer fluids. Measurements of air samples collectettheir current contribution to global warming is comparably
in the upper troposphere and stratosphere are consistent witmall. Figure 10 shows the cumulative emissions of the four
the above findings. PFCs as C@ equivalents. As they have atmospheric life-
Comparison with a “bottom-up” emission database re-times on the order of thousands of years (IPCC, 2007; WMO,
vealed severe discrepancies to “top-down” emissions derive@011) they accumulate almost quantitatively once released
from our observations in the case of nFgg and n-GF12. into the atmosphere. Emissions of three of the four species
We find that emissions from these two compounds are unfeported here have been declining in recent years. The intro-
derreported by several orders of magnitude in the EDGARduction of emission reduction techniques in industrial appli-
emission database. In the case of {5 the disagreement cations such as the use of alternative chemistries, process op-
was less pronounced but still significant. However, it shouldtimisation as well as compound destruction, recovery or re-
be noted that uncertainties were only available for our top-cycling (Tsai et al., 2002) may well have played a significant
down approach here. Bottom-up uncertainties could potenfole here. However, it would be desirable to minimise their
tially bridge the gap between emission estimates of k16 future emissions further as these compounds have already
For n-GsF14 we find reasonable agreement between the twocontributed the equivalent of 325 million tonnes of £
emission data sets and conclude that sources are better undgtobal warming by the end of 2009 (Fig. 10). When includ-
stood and quantified for this molecule. We also conclude thaing emissions of c-gFs (updated from Oram et al., 2012)

4 Discussion and conclusions

www.atmos-chem-phys.net/12/4081/2012/ Atmos. Chem. Phys., 12, 4081-4090, 2012



4088 J. C. Laube et al.: Perfluorocarbons in remote parts of the atmosphere and firn air

the cumulative emissions of C4 to C7 PFCs exceeded 750 1., Zahn, A., Zech, U., and Ziereis, H.: Civil Aircraft for the reg-

million tonnes of CQ equivalents by this time. ular investigation of the atmosphere based on an instrumented
container: The new CARIBIC system, Atmos. Chem. Phys., 7,
4953-4976, doi:10.5194/acp-7-4953-2007, 2007.
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