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Abstract. Global emission estimates based on new at-in the 1990s, albeit significant underestimation for the other
mospheric observations are presented for the acylic highime periods. There are no bottom-up emission estimates for
molecular weight perfluorocarbons (PFCs): decafluorobu-CgFig, thus the emission rates reported here are the first for
tane (GF10), dodecafluoropentane £E;»), tetradecafluo- CgFig. The reported inventories fors€19, CsF12 and GF14
rohexane (gF14), hexadecafluoroheptane A&g) and oc- to UNFCCC are five to ten times lower than those estimated
tadecafluorooctane §E1g). Emissions are estimated using in this study.

a 3-dimensional chemical transport model and an inverse In addition, we present measured infrared absorption spec-
method that includes a growth constraint on emissions. Thera for C;F1s and GFis, and estimate their radiative effi-
observations used in the inversion are based on newly meaiencies and global warming potentials (GWPs). We find that
sured archived air samples that cover a 39-yr period, fromCgFg's radiative efficiency is similar to trifluoromethyl sul-
1973 to 2011, and include 36 Northern Hemispheric and 46ur pentafluoride’s (S§F3) at 0.57 W nT2ppb1, which is
Southern Hemispheric samples. The derived emission estithe highest radiative efficiency of any measured atmospheric
mates show that global emission rates were largest in thespecies. Using the 100-yr time horizon GWPs, the total ra-
1980s and 1990s for4F1p and GF12, and in the 1990s for diative impact of the high molecular weight perfluorocar-
CsF14, C7F16 and GF1s. After a subsequent decline, emis- bons emissions are also estimated; we find the high molecu-
sions have remained relatively stable, within 20 %, for thelar weight PFCs peak contribution was in 1997 at 24 000 Gg
last 5 yr. Bottom-up emission estimates are available from theof carbon dioxide (C@) equivalents and has decreased by a
Emission Database for Global Atmospheric Research versioffiactor of three to 7300 Gg of CQequivalents in 2010. This
4.2 (EDGARVA4.2) for GF19, CsF12, CeF14 and GF16, and 2010 cumulative emission rate for the high molecular weight
inventories of GF1g9, CsF12 and GF14 are reported to the PFCs is comparable to: 0.02 % of the total £€missions,
United Nations’ Framework Convention on Climate Change0.81 % of the total hydrofluorocarbon emissions, or 1.07 %
(UNFCCC) by Annex 1 countries that have ratified the Kyoto of the total chlorofluorocarbon emissions projected for 2010
Protocol. The atmospheric measurement-based emission eévelders et al.2009. In terms of the total PFC emission bud-
timates are 20 times larger than EDGARv4.2 fafFgp and  get, including the lower molecular weight PFCs, the high
over three orders of magnitude larger fosRg, (with 2008 molecular weight PFCs peak contribution was also in 1997
EDGARVA4.2 estimates for4F1, at 9.6 kg yrt, as compared at 15.4% and was 6 % of the total PFC emissions i, CO
to 67+53tyr! as derived in this study). The derived emis- equivalents in 2009.

sion estimates for 14 largely agree with the bottom-up es-

timates from EDGARv4.2. Moreover, theE; g emission es-

timates are comparable to those of EDGARV4.2 at their peak
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Table 1. Lifetimes, radiative efficiencies and global warming potentials (by massyBf; CsF12, CgF14, C7F16 and GF1g.

Global warming potentials (GWPs)

Lifetime Radiative efficiencies  20-yr 100-yr 500-yr

Species [yr] Wm=2Zppb ] horizon  horizon horizon Reference
C4F10 2600 0.33 6330 8860 12500 Forster et al(2007)
CsF12 4100 0.41 6510 9160 13300 Forster et al(2007)
CeF1a 3200 0.49 6600 9300 13300  Forster et al(2007)
C7F16 (3000) 0.48 5630 7930 11300 This Study

3000 0.45 - - - Bravo et al.(2010
CgF1g  (3000) 0.57 5920 8340 11880 This Study

3000 0.50 5280 7390 10500 Bravo etal(2010

1 Introduction from 1970 to 2008 ER-JRC/PBL. 2011). Furthermore,

C4F10, CsF12 and GF14 emissions are reported from 1990

to 2009 to UNFCCC by Annex 1 countries that have ratified
Perfluorocarbons (PFCs) are potent greenhouse gases dye -
: e o ; e Kyoto Protocol UNFCCC 2011). However, no emission

to their long lifetimes and strong absorption in the infrared

2o . o . data are available for octadecafluorooctangHg).
atmospheric window region, resulting in global warming Since the early 1990s, these higher molecular weight PFCs
potentials (GWPs) on a 100-yr time horizon of three to y : 9 9

X . .~ have had a relatively minor role as replacements for ozone
four orders of magnitude higher than that of carbon diox- leti hich | h
ide (CQ) (see Tablel) (Forster et a].2007). Subsequently, depleting substances (ODS), whic are regu ated L.md'er the
) ’ ' . Montreal Protocollfdarvey, 2000. Of which, the most signif-

PFCs are considered to have a nearly permanent effect on the o . .

) L . . JCant emission source of the high molecular weight PFCs are
Earth’s radiative budget, when human time scales are consid: . : . .

. : rom their use as solvents in electronics and precision clean-

ered. PFCs are included as one of the six classes of green-

house gases under the Kyoto Protocol to the United Nationsiir:/%’swgg(l:iz V\Eassl\lipFE))rO\r/gdr;rr:g(?rr;rrE gggiggggg\:g;vafgz?a_
Framework Convention on Climate Change (UNFCCC). y hrog

Atmospheric observations and global emission estimateéJrams Division2006 Tsai 2009. There are also small niche
P 9 markets for GF10 and GF14 as fire suppressantBdrte, Jr.

based on atmospheric measurements are available for th .
lower molecular weight PFCs: tetrafluoromethane {CF ¢t al, 2003 Kopylov, 2002 Tsai 2009 and GFio, CsFia

and GF14 as refrigerants ER-JRC/PBI,. 2011, Schwaab
hexafluoroethane (), octafluolropropane ) and et al, 2005 Tsai 2009. Because of the PFCs’ large GWPs,
octafluorocyclobutane {eC4Fg) (Mihle et al, 201Q Oram o K .

. .. emissions of these high molecular weight PFCs as ODS re-
etal, 2012. The lower molecular weight PFCs are primarily | d 1o be d : h bei
emitted from the production of aluminum and usage in theP acements are expected to be decreasing as they are being
semiconductor industry. Efforts are being made by both in_replaced with lower GWP alternativeldgrvey, 2000 United

. . ; . Nations Environment Programml99.
dustries to reduce these emissiolmdrnational Aluminium . A
. i . o } The PFCs, which are liquid at room temperaturek-{3-
Institute 2011, Semiconductor Industry AssociatioR001; - : . :
. ; CgF1g are additionally being used in the semiconductor man-
World Semiconductor Coun¢i2005. Furthermore, Cirand L ) .
. : ufacturing industry as heat transfer fluids and in vapor phase
CoFe have a natural abundance due to a lithospheric source . . ) =
. e reflow soldering 8M Electronics Markets Materials Divi-
(Deeds et a).2008 Harnisch et al. 1996ab; Muhle et al, sion 2003 Tsaj 2009 Tuma and Tousignan2007). This
2010. The global emission estimates biihle et al.(2010 9 :

andOram et al (2012 for the lower molecular weight PECs emission source is a first-of-a-kind for fluorinated com-

concluded that bottom-up emission estimates, based on pré)_oundg fuma apd TogsugnanﬂOO]). While the semicon-
ductor industry is making efforts to reduce PFC emissions,

duction information and end usage, were underestimated . . o
9 %heir efforts are focused on reducing emissions of the lower

gompared_ to estimates constrained by atmosphqnc .Observ?ﬁolecular weight PFCs. Therefore emission estimates based
tions, particularly for GFg and ¢—Cy4Fsg. These studies illus-

) ) . on atmospheric observations of the high molecular weight
trate the valuable constraint atmospheric observations pro- L . : .

o o . ... PFCs are valuable for determining if these industries are in-
vide in independently estimating emissions for the verifica-

) a0 . deed reducing all PFC emissions.
tion of bottom-up emission estimates. Laube et al(2012 provided global emission estimates us-
Bottom-up emission estimates are provided by the Emis- P 9

sion Database for Global Atmospheric Research version 4. g a 2-dimensional model and atmospheric observations for

(EDGARVA4.2) for the high molecular weight PFCs: decaflu- .4F10’ CsF12, CeFaq and GFre. However, .the emission es-
orobutane (GF10), dodecafluoropentane ¢E:2), tetrade- timates byLaube et al(2012 were determined qualitatively

cafluorohexane (gE14) and hexadecafluoroheptane;Fgq) and not constrained by an inverse method, and therefore
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Fig. 1. MOZARTv4.5 model output at the observation grid cells (Northern Hemisphere — solid line and Southern Hemisphere — dashed line)
for the reference run using emissions based on EDGARvV4.2 (yellow lines) and the final derived emissions (blue lines). The open circles
are the atmospheric observations (Northern Hemisphere — grey and Southern Hemisphere — light blue), with the vertical lines being the
associated observational uncertainty. The detection limits for the instruments are shown as the grey shading, with dark grey for the SIO
instrument and the light grey for the CSIRO instrument.

their emissions were not optimally determined. In this study,2 Inverse modeling

we present global annual emission estimates for the high _

molecular weight PFCs, E10, CsF12, CsF14, C;F16 and 2.1 Observations

CgF1s, based on new atmospheric measurements presented . ) ) )

in Ivy et al. (2012. Emissions are estimated using a 3- The atmospheric observations of the high molecular weight
dimensional chemical transport model (CTM), the Model of PFCs used to constrain the derived emission estimates are
Ozone and Related chemical Tracers (MOZARTV4.5) andPased on archived air samples that were measured using the
an inverse method, in which the atmospheric observationg‘dvanced Global Atmospheric Gases Experiment (AGAGE)
and an independent estimate of the emission growth rategV/edusa” systems and cover a time period from 1973 to
are used as constraint&ramons et a).201Q Rigby et al, 20.11, sedvy e't al. (2012 for detglls. The atmosphgnc hls-
2011). The derived emissions based on atmospheric mealeries of the high molecular weight PFCs, shown in Fig.
surements are compared to the available bottom-up emissioff'® Pased on measurements of 36 Northern Hemisphere
data from EDGARV4.2 and the inventories reported to UN- (NH) archived air samples, filled primarily at Trinidad Head,
FCCC. Furthermore, we present measured infrared (IR) abS@lifornia (41.08N, 124.03 W), and 46 Southern Hemi-
sorption spectra for §F16 and GF1g in order to provide es- sphgre (SH) arphlved air samples, filled at C_ape Grlm, Tas-
timates of their GWPs. Thus, we provide an updated total of "N, Australia (40.685, 144.69E). For this modeling

the radiative impact of global PFC emissions in £&yuiv- study, the observations were assumed to be representative of

alents from 1978 to 2009, now including the high molecular the monthly mean hemispheric background tropospheric air.
weight PFCs. This is a valid assumption given that the archived air samples

were filled under baseline conditions.

www.atmos-chem-phys.net/12/7635/2012/ Atmos. Chem. Phys., 12, 76385 2012
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Associated with each observation is an estimate of its un- 20 >
certainty, which includes the estimated uncertainties associ- 101

ated with the measurements, the sampling frequency, grid Oim

cell model-mismatch and use of repeated dynamics when ap—

. . >
plicable, see Eq1) (Rigby et al, 2010). B b CFy,
S 0.051
2 _ 2 2 =
Ogbservational = measurementt Osampling frequency g 0
2 2 2 B}
*+ Omismatch T Odynamics 1) 5 2000 ACF,
The measurement uncertainBeasurement iS the repeata- 1000 ‘
bility of each archived air sample measurement and is 0 ;
taken as the b standard deviation of the repeat sam- 4007 ycp  mmmm Solvent

ple measurements. The sampling frequency uncertainty, 0] Fire Extinguis
. . . Refrigerant

Osampling frequency Provides a measure of the uncertainty in o s Other
our assumption that a single flask is representative of the 1975 1980 1985 1990 1995 2000 2005
monthly mean baseline variability. Since high frequency data o )
are not available, the sampling frequency uncertainty wadig. 2. Global annual bottom-up emission estimates from 1971 to
estimated as the standard deviation of daily modeled out-éol(z8 by Zogrcg flgom gg(jég’s; fggl) C4T\l10£ (b) ('::5':1,2' (C)t
put from the CTM over one month at the observation grid 6 14 @" (d) C7F6 (ER- . 2011). (Note: GgFyg is no

. . . available from EDGARv4.2.)
cell. The model-mismatch errasmismatch IS an estimate of
the uncertainty in the assumption that the model grid cell is
representative of a single point measurement. We estimatecliq . )
the model-mismatch error using the CTM as the $tan- they were collected, the emission estimates should be

dard deviation of the surrounding eight grid cells and there':lat.ively insensitiye 'to the relative hemispheric §pqtial
grid cell that contains the observation location from the meand|str|bu_t|ons of_emlssmns. For 2009 to 2011, the emissions
of all nine cells Chen and Prinn2006. Reanalysis meteo- €€ linearly interpolated from the 2007 to 2008 data.
rological data are not available for years prior to 1990 forThe_annuaI 0.‘1long_|tude by 0.1|§t|tude emissions were
use in the CTM (i.e. ERA-40 data not are available for useregndded to a horlzgntal resolution of 2J$ng|tude by

in MOZARTV4.5); therefore, we used repeated meteorolog—2'8;l""t'tuge :‘:or use Iln the CT'\Q' Inv’e\lr;[orles tl)‘or':elo, 1
ical data from 1990 for the years from 1971 to 1989 in the CsF12 and GFy4 are also reported to UNFCCC by Annex

CTM and 2008 for the years from 2009 to 2011. In order to countries that have ratified the Kyoto Protocol. However as

characterize the uncertainty in this use of repeated dynamt—he reported inventories to UNFCCC are not global, we used

ics, aynamics @ ONeE year simulation was run multiple times the EDGARV4.2.data in the CT!V_I t_o produce the reference
with different meteorological data from other years, while the runs and to esUmatg the'se.nsmvny of the modeled mole
emissions and initial conditions were held constaigby fractions to changes in emissions.

et al, 2010. This introduced a mean uncertainty of 5% at
the observation grid cells and was included in the observa
tional uncertainty. Lastly, observations that were below the
detection limit of the instruments were assigned a minimum
uncertainty equal to that of the detection limit.

2.3 Chemical transport model

The Model of Ozone and Related chemical Tracers
(MOZARTvV4.5) is a 3-dimensional chemical transport
model Emmons et al. 2010. MOZARTv4.5 was run
2.2 Bottom-up emission estimates offine to produce the reference run of modeled atmo-
spheric mole fractions, using the emissions described in
Bottom-up emission estimates are available fromSect. 2.2, and to estimate the sensitivities of the atmo-
EDGARv4.2 ER-JRC/PBL. 2011. EDGARv4.2 has spheric mole fractions to emission perturbations. Meteoro-
global annual emission estimates by source fofFg, logical data were provided from the National Centers for
CsF12, CeF14 and GFi6 from 1970 to 2008, see Fid, Environmental Prediction/National Center for Atmospheric
and on a 0.1longitude by 0.1latitude gridded data, with Research (NCEP/NCAR) reanalysisalnay et al, 1996.
non-zero emissions starting in 1971 foyRgo, 1986 for The NCEP/NCAR reanalysis for use in MOZARTV4.5 are
CsF12, 1980 for GF14 and 1986 for GF16. There are no  available from 1990 to 2008 every 6 h at a horizontal res-
EDGARV4.2 estimates available fogk; g, therefore GFig olution of 1.8 longitude by 1.8latitude and with 28 verti-
estimates were used as a proxy. This is under the assumptiazal levels in sigma coordinates, from the surface to 3hPa.
that as GF15 and GF1g have similar properties, they will MOZARTvV4.5 interpolated the meteorological data to a res-
most likely have similar emission sources. Furthermore,olution of 2.8 longitude by 2.8 latitude, which was the cho-
as the archived samples are assumed to be representatisen horizontal resolution of the model runs. For years prior
of well-mixed background hemispheric air in the regions to 1990, NCEP/NCAR reanalysis data from 1990 were used

Atmos. Chem. Phys., 12, 763%645 2012 www.atmos-chem-phys.net/12/7635/2012/
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repeatedly; and for years after 2008, the 2008 meteorologicaCsF12 in the EDGARvVA4.2 estimates, the error assumed on
data were repeated. The PFCs were treated as tracers and th@ growth rate for ¢F1g and GF12 was the annual mean
chemistry was input into MOZART; this is a reasonable as-growth rate in emissions for4E1, CsF12, CsF14 and GFig
sumption given their lifetimes are on the order of thousandsfrom EDGARvV4.2. For GF14, the assumed error was the an-
of years Ravishankara et al1993. A zero initial condition ~ nual mean growth rate in emissions from 1980 to 2008 of
field was assumed for all of the high molecular weight PFCs,CgF14 from EDGARV4.2, and likewise for €16 and GFg.
with an initial year based on EDGARvV4.2’s first non-zero Due to the low temporal frequency of the observations, only
emissions of 1971 for &0, 1986 for GF12, C;F16 and globally averaged emissions were resolved.
CgF1s, and 1980 for @F14. The upwind cells of the obser- The year of emission onset in EDGARvV4.2 appears to be
vation stations were chosen in MOZARTV4.5, as the obserdater than the observations suggest — as observations are non-
vations are assumed to be representative of background amero in earlier years. Therefore, an initial condition was also
(Rigby et al, 2010. solved for in the inversion. The initial condition was applied
In order to estimate the sensitivities of the atmosphericglobally; as the first SH observation is 5 yr after the first NH
mole fractions to changes in emission rates, MOZARTv4.50bservation, this should not have a large influence on the de-
was run with annual emissions increased by 10 % from therived emissions. In addition, we included an estimate of the
reference run for one year. In the subsequent year, the emisincertainty in the use of repeated dynamics in the derived
sions were returned to those of the reference run. This proemission estimates using a Monte Carlo approach, where the
vided an estimate of the sensitivities of mole fractions at theinversion was repeated 1000 times with randomly varied sen-
observation grid cells to annual emission changes. Due to thsitivities of the modeled mole fractions to perturbations in
computational expense of running MOZARTV4.5, these sen-emissions. The distribution of varied sensitivities was esti-
sitivities were only tracked in the model for two years, and mated by running the model multiple times with meteoro-
then the values were estimated to decay exponentially, with dogical data from different years and calculating the mole
one year decay time, to a globally mixed background value. fraction sensitivities, while the emissions and initial condi-
tions were held constanR{gby et al, 2010. This error was
2.4 Inverse method found to be relatively small compared to the error propagated
through the inversion, and was added in quadrature to give
To derive global emissions, we used an inverse method thathe final estimate of emission uncertainty. The uncertainty
included constraints by the atmospheric observations an@n the derived emissions was estimated from the diagonal
an independent estimate of the annual growth in emissionglements of the error covariance matrix and is based on the
(Rigby et al, 2011). Often a minimum variance Bayesian relative weighting of the uncertainty associated with the ob-
approach is taken for atmospheric measurement-based emiservations as compared to the uncertainty associated with the
sion estimates while using an independent estimate of abs@assumed growth rate constraint on emissidRigljy et al,
lute emissions, also known as prior, as a constraint. How2011).
ever, if the prior emission information is largely biased, as
is the case for gF19 and GF12, a large uncertainty is of-
ten assumed on the prior. This results in the prior provid-3 Radiative efficiencies of GF1g and CgFig
ing little information on the derived emissions if observations
are available. Alternatively, if observations are not available3.1 Infrared absorption cross-sections
for a certain year, then the derived emissions can exhibit
unphysical fluctuations due to the biased prior constrain-Roehl et al. (1995 reported infrared absorption cross-
ing the emissions. The growth-based Bayesian inverse apsections and GWPs for GFC,Fg, C3Fs, C4F10, CsF12 and
proach, which incorporates the growth rate of emissions a£CgF14 while Bravo et al.(2010, more recently, similarly for
prior information instead of absolute emission rates, over-CgFig. In the present work, we measured infrared absorption
comes some of these potential biasRgby et al, 20117). spectra of GF16 and GF1g using Fourier Transform Infrared
This inverse method acts to minimize the residuals of the at{FTIR) spectroscopy. To the best of our knowledge there are
mospheric observations from the modeled mole fractions andho previously published infrared absorption spectrum mea-
the growth rate in the derived emissions from an independensurements for €F16 available.
estimate of the emission growth rate. These two constraints The GFi5 (=98 %) and @F1g (> 99 %) samples were
are weighted by the inverse of their relative uncertaintiespurchased from Synquest Laboratories. These samples were
in determining the optimal solution. Here, the observationsvacuum distilled to remove non-condensables prior to use.
were weighted by their observational error, as described ifvarious dilute gas mixtures of the samples in a Helium (He)
Sect. 2.1. The assumed independent growth rate was the abath gas were prepared manometrically in 12-1 Pyrex bulbs
nual average growth rate in emissions for each species frorfor use in the infrared spectrum measurements. Absorption
EDGARv4.2. EDGARVA4.2 does not provide an uncertainty spectra were measured between 500 and 4006 cah a
estimate and because of the underestimation B €and spectral resolution of 1 cmt. Spectra were obtained using

www.atmos-chem-phys.net/12/7635/2012/ Atmos. Chem. Phys., 12, 76385 2012
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Table 2.Infrared Absorption Band Strengths forE g and GF1g at 296 K.

Perfluoroheptane [&1¢] Perfluorooctane [gF1g]
Spectral Range Band Strength Spectral Range Band Strength
[cm™] [10~17cm? mol~Lem1] [cm™4 [10~17cm? mol~Lem1]
500-1075 8.180.30 500-1100 8.6680.30
1075-1375 36.1460.40 1100-1400 40.800.40

two different pathlength absorption cells: a single-pass 16 cm 15
long cell and a low-volume multi-pass cell (750485 cm a)CF
optical pathlength). Infrared absorption band strengths (ab-
sorption cross-sections) were obtained using Beer’s law with
spectra recorded over a range of sample concentrations a
various bath gas pressures. The infrared spectraBfgand

CgF1g were independent of bath gas pressure for pressures
between 20 and 600 Torr (He bath gas). The sample con-

centrations in the infrared absorption cell were varied over Rt

the range (0.10-8.28) 10" mol cm2 for C;F16 and (0.05— Y

7.08)x 10 mol cm2 for CgF1g, where the sample concen- 051

trations were determined using absolute pressure measure '

ments and the known mixing ratio. ol A e A ,J\J : ‘ ‘
Figure 3 shows the infrared absorption spectra ofFg 500 600 700 800 900 1000 1100 1200 1300 1400 1500

and GFig. The GF16 and GF1g spectra show weak ab- Wavenumber [cm]

§orpt|on between 500 and 1000chy but strong abs‘?rp' Fig. 3. Average absorption cross-section f@) C;F1g and (b)

tion bands between 1000 and 1400cmwhere the in- CgF1g measured at 1 cimt resolution and 296 K. The spectra were

tegrated absorption band strengths were determined to b@easured over a range of 500-4000¢malthough only the main

(361:|: 004)X 10 % cmZmol~tem! for C/Fi6 (1075— spectral features are shown.

1375cnml) and (4.08+ 0.04)x 10~ 6 cm? mol-1cm=1 for

CgF1g (1100-1400 cm?), see Table2. The quoted uncer-

tainties are at the 2- (95% confidence) level and include e attribute the difference between the reported value from
estimated systematic uncertainties. The infrared absorptioBravo et al (2010 and the value from this study forgE1g to
spectra data of &1 and GgF1g are provided in the Supple- the different spectral ranges of the measurements. The ra-

1y

C cm

0.57

2

Cross Section [1E=17 cm“mole

ment. diative efficiencies byBravo et al.(2010, based on theo-
o S retical calculations and that include a larger spectral range
3.2 Radiative efficiencies 0-2500 cn1l, are closer to our results forgE; s, with a dif-

ference of 3.6 %Bravo et al.(2010 did not measure the in-
In order to estimate the relative change in radiative forcingfrared spectra of &F15 and provide a theoretical calculation
per change in atmospheric concentrations, the radiative effiof C;F1¢’s radiative efficiency at 0.45W nf ppb—1, which
ciencies were estimated for;Ey¢ and GF1g using the spec- s in good agreement with the results from the present work.
tra measured here and the method givenPloynock et al.
(1999. The radiative efficiency for &1 and GFigare 0.48 3.3 Global warming potential
and 0.57 Wm? ppb1, respectively, see Table The radia-
tive efficiency for GF1g is approximately equal to that of Global warming potentials (GWPSs) provide a measure of the
trifluoromethyl sulfur pentafluoride (SEFs), which is the  climate impact of emissions of a trace gas relative to a ref-
highest of any measured atmospheric spediessfer et al.  erence gas, usually chosen as carbon dioxideJCEbrster
2007). et al, 2007 United Nations Environment Programmi®99.

The radiative efficiencies reported here are in reasonablyrhe radiative efficiencies, along with an estimate of the
good agreement, within 7 %, with those estimatedlogvo species’ atmospheric lifetimes, allow for GWPs to be esti-
et al. (2010. The infrared measurements Bravo et al. mated. Following the standard method outlined Hayster
(2010 for CgF1s were limited to the spectral range 700— etal.(2007), the GWPs were calculated forE s and GFs.
1400cnt!. A radiative efficiency value, based on our mea- No lifetimes have been estimated forKze and GFis.
surements, of 0.53 W nf ppb~! for CgF1g can be obtained Ravishankara et al1993 determined that the major at-
if a spectral range of 700-1400ctis used. Therefore mospheric removal pathway for the perfluoroalkanes; CF

Atmos. Chem. Phys., 12, 763%645 2012 www.atmos-chem-phys.net/12/7635/2012/
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action with O{D). Based on the work bRavishankara et al. _’//_\/Xd

(1993, we assume that {15 and GF1g will have similar ol ‘ ‘ ‘ ‘ ‘ ™
lifetimes, on the order of thousands of years, and have cho- -
sen a lifetime of 3000yr for the GWP calculations, which

is close to the lifetime of gF14. The GWPs for @F16 and : ‘ ‘ ‘ ‘ ‘ ‘ ‘ e
CgF1g are estimated to be 7930 and 8340 for a 100-yr time 2 Wi
horizon with CQ as the reference gas, see Tablé\s the

expected lifetimes of €1 and GF1g are much longer than 0 ‘ ‘ ‘ ‘ ‘ ‘ ™ 60
the chosen time horizons, these GWP calculations are rela: *
tively insensitive to the assumed lifetime. To confirm this, a
sensitivity analysis to the assumed lifetime in the GWP es- _ 77"
timate was done followinghine et al(2009. A difference ‘ 40(& Derved
of 7.9% and 1.1 % was found in the calculated 100-yr time = 2o

]

through GF14, was via photolysis by hydrogen Lymanra-
diation (121.6 nm) with a possible minor pathway due to re-
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horizon GWPs when using assumed lifetimes of 500 instead” o~
of 3000 yr or 10 000 instead of 3000 yr, respectively.

T T = T T T T T
1975 1980 1985 1990 1995 2000 2005 2010

Fig. 4. The global annual emissions forsE;g, CsF12, CgF14,

C7F16 and GgF1g derived in this study are shown as the solid blue
4 Results and discussion line, and the associateddl-uncertainty in the emissions is rep-

resented as the light blue shading. The available bottom-up emis-
The reference run of modeled mole fractions using thesions data are also shown from EDGARv4.2 (solid yellow line)
bottom-up estimates from EDGARv4.2 (see Sect. 2.2) inand UNFCCC (solid purple line). The interpolated data used in the
MOZARTV4.5 are presented in Fid; the reference mod- reference run from EDGARv4.2 from 2009 to 2011 are shown as
eled mole fractions are lower than the atmospheric observalhe dashed blue line, and the;kig reference emissions are also
tions for the high molecular weight PFCs. In particular, the showr] as a.da.shed line, as no bottom-up estimates are available and
reference run produces modeled mole fractions that are 2§7F16's emissions were used as a proxy.
times and over a 1000 times too low forfg and GF1o,

respectively. For F» this is due to the global annual emis- In contrast, the derived emissions oG, agree fairly

sions from E.DG.ARV4'2 peakmg atless than _().ﬂlyr\N|t_h well with EDGARvVA4.2. The @F14 increase in emissions has
the only emission source being use as refrigerants in Ro-

. a later onset, starting in the 1990s, than that gfF{g and
mania ER-JRC/PBL,.2011). In contrast, the reference mod- CsF1p, and has a sir%ilar emission profile as that GFg
eled mole fractions for gF14 are similar to the observations, showr’1 inMiihle et al.(2010. Furthermore, the changes in
although the reference run 1s spmeyvhat Iowe_r n the m'.d'the temporal profile in emissions coincides with the sign-
19903’ .sugges'ung an underestimation of Emissions durlngng and coming into effect of the Montreal and Kyoto Proto-
this period. For GFy6 and Q*.Fls’ the reference run is about cols. Particularly, the gF14 emissions start to increase in the
50 % lower than atmospheric observations.

Using our inverse method, we provide new global emiS_Iate 1980s, coinciding with the signing of the Montreal pro-

. . . . tocol, suggesting thatdF14 was used as replacement com-
sion estimates based on atmospheric observations. The deounds for ODSs. Of the PFCs studied hergeG has the

rived emissions and their associated uncertainties are pre%r est emissions with a 1980 to 2010 average emission rate
sented in Fig4 and Table3. The derived emissions fors€1¢ 9 9

. . NG of 510+ 62tyr 1.
and GF12 are re_:latlvely constant ove_rthet|me penoclzl with an The derived emissions for €16 and GFig are both
average emission rate and uncertainty of +#3tyr—— and . : .
1 . . higher than those of {16 in EDGARV4.2. Interestingly
171+ 42tyr?, respectively. The &g and GFo emis- i ine her high molecular weight PEC emissions have
sions exhibit the largest decline from 1999 to 2005. Com- 9 9

parison with the bottom-up estimates show that EDGARV4.2decreased in the p_ast 10 to 20yr, the derived emissions
o : . ““for C;F16 are relatively constant for the last ten years,
emissions are 20 and 1000 times lower than the derived . . . .
emissions for GF1o and GF 1z, respectively, (with the 2008 with an average emission rate over the entire study period
10 12, T€SP Y of 251+ 37tyr 1. The average emission rate fogfGg is
EDGARvV4.2 estimate at 9.6 kgy% for CsF12, as compared 1
1 ) ) ! 195+ 34tyr -.
to 67£53tyr -+ as derived in this study). Furthermore, the . — .
o ) . h Our derived emissions for ££19 and GF12 agree fairly
EDGARVvV4.2 emission temporal profile is drastically differ- .
) . ) .. well with those presented byaube et al(2012. However,
ent than those derived from the observations, with emissions

in EDGARV4.2 being relatively lower in the 1980s and then ' ¢ >c¢ discrepancies forgFis and GFie. In particular,
. . o Laube et al(2012) estimates lower emission rates from 1994
increasing with time.

to 2001 than ours for §F14. The GF14 observations from
Laube et al(2012 agree well with those presented livy
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Table 3. Annual mean global emission rates and uncertainties for 005
C4F10. CsF12, CgF14, C7F16 and GeFys. o%* b o%‘ Bo oo o0 %o o b i o Brodnond bo

-0.05+ T

C,F,o lppt]

C4F10 CsF12 CeF14 C7F16 CgF1s
Year [tyrl]  [tyr™l] ftyr™l] ptyrl] [yl

C5F| N [ppt]

0.05
oo 0009 oo TSP S ) ﬁ&%%o%&gao%%é 0
1980 18127 108+16 147+44 174422 83+32
1981 18825 129+17 179+43 183+22 83+30 0] T
0%”0 k2
—0.05+

1982 197423 152+18 229+43 188+22 83+29
1983 20523 174+19 290+43 189421  84+27
1984 211+23 192+20 303+42 178+20 83+26

CF,,ppt]

°¢t+ o , ° o °o°°°on ¢.°¢oo’3°$§¢¢"‘§%é’wé¢%‘€#o

¢ o

1985 215-23 206+£20 300+42 162420 81+26 o -
1986 21324 213+21 289+42 179+20 116+25 T S
1987 20027 212422 279+43 193+21 150+ 25 e e 5
1988 19829 219+24 284+43 208+21 183+ 25 ‘ 005

T
o NH Observations
o SH Observation:

1989 206:29 229+26 290+43  227+22 218+25 ; ) ;
AR ﬁ% S B I S AT TS U

1990 222+27 238+27 298+43 238424 253+26
1991 243:30 242+29 414445 346426 395+ 26 I ‘ ‘ ‘ ‘ ‘ ‘ ‘

1992 26& 33 245:': 35 526:|: 49 345j: 29 43& 27 1975 1980 1985 1990 1995 2000 2005 2010
1993 280:32 249+41 678£52 308+34 432428
1994 295:32 254+45 851453 288+41 444+29
1995 303:33 258+45 1080+53 275146 453+ 30

0

C Ry, lppt]

Fig. 5. The mole fraction residuals, taken as the observations mi-
nus final modeled mole fractions (Northern Hemisphere — grey and

1996 30733 262450 118255 287+41 457+30 Southern Hemisphere — light blue). The vertical lines represent the
1997 302-34 267457 1305-59 359+-37 471+31 uncertainty associated with each observation. A zero line is also
1998 28832 270+50 110061 309+47 374429 plotted for reference.

1999 26529 261+81 852+61 2444+50 263+28
2000 232-28 218+85 681+58 218+46 1824+32

288; igi gg ﬁgi gg ggﬁ gg ;i;‘i gg ﬁ% g; global emissions as they do not include some major green-
2003 13734 83+46 501+65 254+41 99+ 38 house gas e.m|tters. BothyEae and G are not .repor'teoll
2004 115L35 69444 466471 268144 92438 to UNFCCC; however based on our results, their emissions
2005 97436 62445 452478 286+46 93439 are larger than those of4€,¢ and GF12 and should be con-
2006 9241 60+48 371494 278+49 72442 sidered in future inventories.

2007 91+47 64453  343+80 274+49 62447 MOZARTvV4.5 was run using the derived emissions and

2008  95+47 67+£53 33472 268+46 55+52
2009 99+ 46 69+ 51 333+£95 262+:51 56+53
2010 102:-48 70+£52 345+118 260+£56 60+£53

produced modeled mole fractions that were much closer to
the observations (as required in the inversion), see Eig.
Figure 5 shows the residuals of the final runs (take as the
observed mole fractions minus the final modeled mole frac-
tions) using the derived emissions. Most of the residuals are
et al.(2012 in the early 1980s and 1990s; however after thiswithin the estimated observational error and no significant
time period the observations haube et al(2012 are lower  trends in the residuals are found, confirming that the derived
than those invy et al.(2012. This is most likely dueto acal- emissions represent an improved estimate.
ibration scale difference, with that baube et al(2012) esti- Using the 100-yr time horizon GWPs, we provide an up-
mating lower mole fractions thdmy et al. (2012, and possi-  date to the total annual global PFC emissions in@Quiva-
ble nonlinearities in the early archive measurements. We sekents (Fig.6). CF,, C2Fg and ¢-Cy4Fg contribute the most to
a general underestimation ofE g emissions by aube etal.  the radiative forcing of the PFC emissions. However, we find
(2012 compared with those estimated in this study. This isthat the high molecular weight PFCs contribute significantly
most likely due to the lower calibration scale bgube et al.  to the total PFC budget, with the;E;4 emissions being com-
(2012 as compared witlvy et al.(2012. Laube et al(2012 parable to those of §Fg. Previous estimates of the radiative
used an 85 %-isomer of GFy¢ for their calibration scale forcing of PFC emissions in 2009, which only includedsCF
and subsequently estimate an atmospheric mole fraction i€2Fg, C3Fs and c-CyFg, are 111 600 Gg C&equivalents in
2010 that is 13 % lowet.aube et al(2012 did not present 2009 Muhle et al,201Q Oram et al.2012); inclusion of the
atmospheric measurements or emission estimatesgfergC  high molecular weight PFCs increases this number by 6 % to
Furthermore as no bottom-up estimates are available eithef,18 700 Gg C@-eq.
the GgF1g emissions derived in this study are the first pub- The high molecular weight PFC emissions from 1973 to
lished estimates. 2010 have contributed 400000 Gg of €@quivalents to
Overall the UNFCCC reported inventories are five to ten global radiative forcing. Moreover, the peak in cumulative
times lower than the emissions derived based on the observamissions of the high molecular weight PFCs was in 1997,
tions for GF1o, CsF12 and GF14. In general, the UNFCCC  which coincides with the signing of the Kyoto Protocol, at
emission inventories could be considered a lower bounds o124 000 Gg of CQ equivalents. Subsequently, emissions have
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<10° CsF12 and GF14. However the derived emissions are global,
therefore this discrepancy cannot be attributed to individual
countries. These large discrepancies between the derived and
bottom-up estimates highlight the need for more transparent
and accurate reporting of emissions. Interestingly, the UN-
FCCC reported inventories show similar temporal trends as
the derived emissions, suggesting the UNFCCC methodol-
ogy may be a good platform for emissions reporting.
EFE zjgfs ‘(;‘ Using the newly derived GWPs for/€;6 and GF1g, new
s estimates of the total radiative impact of all PFC emissions
are an average 7 % higher than previously reported for 1973
to 2009. The high molecular weight PFCs contributed most
significantly to the global PFC emissions, up to 16 %, in the
1990s, indicating a previous underestimation of the total ra-
diative forcing from PFC emissions. While emissions have
declined in the past 10yr, because of their long lifetimes,
Fig. 6. Global annual PFC emissions in G@quivalents, using PFCs are considered to have a nearly permanent effect on
GWPs with a 100-yr time horizon, from 1973 to 2009. The,CF the Earth’s radiative budget on human timescales. Therefore,
CoFe and GFg emissions are fronMuhle et al.(2010 and the  continued monitoring of atmospheric abundances is neces-

c—CyFg emissions are frondram et al(2012. The bottom panel  sary to detect trends in emissions of these potent greenhouse
shows the relative percentage the high molecular weight PFCs StUdgases.

ied here contribute to the new global total of PFC emissions in CO

equivalents.
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Supplementary material related to this article is

declined by a factor of three to 7300 Gg of uivalents available online at: http://www.atmos-chem-phys.net/12/
Y g of &€y 7635/2012/acp-12-7635-2012-supplement.zip

in 2010. This 2010 cumulative emission rate is comparable
to: 0.02% of the total C@® emissions, 0.81 % of the total
hydrofluorocarbon emissions and 1.07 % of the chlorofluo-
rocarbon emissions projected for 20Melders et al.2009.
The largest contribution of the high molecular weight PFCs
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