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20 Absgtract. Chlorofluorocarbons (CFCs) are ozone depletingtsutzes as well as strong greenhouse gases, acolntinel of
their production and use under the Montreal Prdthas had demonstrable benefits to both mitigatibimcreasing surface
UV radiation and climate forcing. A global ban aneumption came into force in 2010, but there idenwce of continuing
emissions of certain CFCs from a range of sour@e® compound has received little attention in fterdture, namely
CFC-114 (GCIyF,). Of particular interest here is the differentatibetween CFC-114 (CGIECIF,) and its asymmetric
25 isomeric form CFC-114a (GECIF) as atmospheric long-term measurements in therpeewed literature to date have
been assumed to represent the sum of both isoni#rswime-invariant isomeric speciation. Here weart the first long-
term measurements of the two isomeric forms seglgraand find that they have different origins amends in the
atmosphere.
Air samples collected at Cape Grim (41°S), Austradiuring atmospheric background conditions sirf@81combined with
30 samples collected from deep polar snow (firn) emals to obtain a near-complete record of both gsisee their initial
production and release in the 1940s. Both isomere wresent in the unpolluted atmosphere in corbpasmall amounts
before 1960. The mixing ratio of CFC-114 doubleahir7.9 to 14.8 parts per trillion (ppt) between #tart of the Cape
Grim record in 1978 and the end of our record ih40vhile over the same time CFC-114a trebled ffo&b to 1.03 ppt.
Mixing ratios of both isomers are slowly decreasiyghe end of this period. This is consistent wittasurements of recent
35 aircraft-based samples showing no significant heerispheric mixing ratio gradient.
We also find that the fraction of CFC-114a mixirgio relative to that of CFC-114 increased fromP4.® 6.9% over the
37-year period. This contradicts the current tasisumption used in international climate change @rwhe depletion
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assessments that both isomers have been largedynitted and that their atmospheric concentratidio faas remained
approximately constant in time. Complementary olet@ns of air collected in Taiwan indicate a p&iisg source of CFC-
114a in South East Asia which may have been carinigp to the changing balance between the two iseme
In addition we present top-down global annual eimissestimates of CFC-114 and CFC-114a derived fitbese
5 measurements using a two-dimensional atmospheramisiry-transport model. In general, the emissiéos both
compounds grew steadily during the 1980s, follovegda substantial reduction from the late 1980s wdsjawhich is
consistent with the reduction of emission in regeoto the Montreal Protocol, and broadly consisteith bottom-up
estimates derived by industry. However, we findt thiamall but significant emissions of both isomeesnain in 2014.
Moreover the inferred changes to the ratio of eimissof the two isomers since the 1990s also inditizat the sources of
10 the two gases are, in part, independent.

1 Introduction

Chlorofluorocarbons (CFCs) are halogenated hydbmoes of exclusively anthropogenic origin. Thesatietly inert gases
were widely used in a variety of applications (eag.refrigerants, propellants and foam-blowing &esince the 1930s.
CFCs tend to persist in the atmosphere due tolieree of a significant tropospheric sink proc&sgy eventually are
15 broken down in the stratosphere thereby releasaagtive chlorine, which catalytically destroys ozofRowland and
Molina, 1975), resulting in increases in harmful tAdiation at the surface. Since the discovenhefAntarctic ozone hole
(Farman et al. 1985), the enforcement and subségueendments of the Montreal Protocol on SubstatiesDeplete the
Ozone Layer (1989) resulted in the successful B&@FR€C consumption (= production + imports — exppittsindustrialised
and developing nations by 2010 (apart from rel&fiveinor critical-use exemptions). Consequenthg #bundance of most
20 documented CFCs in the atmosphere started to retilmetzka et al., 1996a, Montzka and Reimann gt28l10, Rigby et
al. 2013, Carpenter and Reimann et al. 2014, Latlbé 2014; for Montreal Protocol ratificationtstssee UNEP, 2014).
Continued research and monitoring of all ozone etéy substances (ODSs) are essential to ensurpliemce with the
Montreal Protocol for environmental protection axgiozone loss.
This study focuses on two CFC compounds that haea Iparticularly understudied to date. The isomesic of CFC-114
25 (CCIFCCIF,) and asymmetric CFC-114a (&FCLF) were primarily used as aerosol propellants, lasvihg agents in
polyolefin foams and as refrigerants in long-liveppliances (Fisher and Midgley, 1993) before prtédaocwas banned
following the Montreal Protocol (UNEP, 2014). Mine@maining uses of CFC-114 were for cooling proegssg. in naval
vessels (Andersen et al. 2007). CFC-114a has alsp keportedly used in the production of HFC-13#a latter being one
of the alternatives to replace CFC-114 used inlersil(Banks et al. 1994). The Alternative Fluordcars Environmental
30 Acceptability Study (AFEAS) reported that 514,3b84 of the isomers (combined) were produced betd88i7 and 2004,
primarily in the Northern Hemisphere, ~15% of whiefas used within long-lived applications (>12 yeéfstime),
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providing a substantial bank of the isomers to piadly produce continued emissions to the atmospf&FEAS, 1995 and
2009).

As with all CFCs, the stratospheric loss procesddlese isomers are photolysis by ultra-violeiatdn and reaction with
excited-state atomic oxygen (D) - a product of ozone photolysis). The dominass|process for CFC-114 is the former,
with the latter thought to be responsible for 25#4t® total stratospheric loss. The reaction of CE@a with OtD) is
thought to be faster than that of CFC-114. In aoldjtCFC-114a is more susceptible to photolysis tG&C-114, resulting
in the CFC-114a atmospheric lifetime being shatttan that of CFC-114 (Burkholder et al. 2013; Datisl., 2016). The
total atmospheric steady-state lifetimes of CFC-Eh -114a are currently estimated to be ~189 ah@D -~years
respectively (Burkholder et al. 2013; Carpenter Betmann et al., 2014; Davis et al., 2016).

CFC-114 and CFC-114a are difficult to separatehag boiling points are almost identical. The samtly of their mass
spectra complicates even their separate detectiinmass spectrometric techniques. Therefore, timindance is usually
reported as a sum of both isomers, assuming adresf ~10% of CFC-114a (Carpenter and Reimanm.e2@14).

Two previous studies reconstructed historical tsefod CFC-114 or the sum of CFC-114 and CFC-114gu$n air data
(Sturrock et al., 2002, Martinerie et al., 2009urBck et al. (2002) used inverse firn modellirgtiniques constrained with
firn air data from an Antarctic site (Law Dome) aaid archive data from an observatory at Cape GAustralia (40.7°S,
144.7°E; Oram, 1999) to reconstruct a CFC-114+CE€alatmospheric trend, and concluded that SoutHemispheric
concentrations were negligible before 1960. Thatadvere compared with University of East Angli&€@) data of CFC-
114 (fully separated from CFC-114a) from Cape Goiman earlier UEA calibration scale (Lee, 1994) andalibration
difference (factor of 0.94, constant over time) wasnd. Martinerie et al. (2009) used AFEAS emissicand an
atmospheric chemistry model to calculate atmosphegnds that were compared to firn data at 5 &ites Antarctica and
Greenland using a forward firn modelling approathey concluded that the AFEAS emissions based trisadiing to
significant atmospheric concentrations before 1980nconsistent with the firn and atmospheric dagsed trend from
Sturrock et al. (2002) and that the Sturrock e{2002) trend is more consistent with their Northefemisphere firn data
than the AFEAS based trend. The firn data used artikkrie et al. (2009) are a combination of UEAGEFL4
measurements at North GRIP, Berkner Island and D@marlier calibration scale) and NCAR CFC-114+CHE@a
measurements at Devon Island, North GRIP and Dngniviaud Land.

In addition to early attempts of quantificationgieChen et al., 1994) and the regular global mixmigp updates in recent
WMO Ozone Assessments, Reimann et al., 2004 repatteospheric CFC-114 abundances having stabilisdelevated
levels essentially absent in the latest part oféoerd from the high-altitude station at Jungfoehj, Switzerland. Moreover,
the study of Chan et al., 2007 found no substaati@ksions from the heavily industrialised regioittie Pearl River delta in
China. Again, none of these studies distinguiste®éen the two isomeric forms of CFC-114. We heowide, for the first
time, a complete quantification of both isomerssdshon an analysis of a combination of archivedotenSouthern
Hemispheric tropospheric air and firn air data @ilidws the reconstruction of a tropospheric redonch 1960 to 2014. The

abundances, temporal evolution and emissions d¢f isoimers are evaluated using measurement and lingdelchniques
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that have been updated and improved since thenfiesisurements in the 1990s (Lee, 1994 and Oram).1B88her insights

are derived from aircraft-based observations abagetamples collected in East Asia.

3 Methodology

3.1 Sample collection

Air samples are routinely collected at Cape Grimrfeeasurement and archiving during baseline camdit{clean marine
air, wind speeds >15 kmi'hand direction 190-290° (Fraser et al. 1999) repréisg unpolluted Southern Hemispheric air
with long air mass back-trajectories over the SeuttOcean, distant from pollution sources priotheir arrival at Cape
Grim. UEA stores an archive of such air sampleseriily spanning 1978-2014. We have analysed 11thesfe archived
samples. All samples collected before 1994 weressuples of the parent Cape Grim air archive, fesired to and stored
in 3 litre electropolished stainless steel cansstBlost 1994 the majority of samples have beerdaeliin situ into 3 litre
stainless steel canisters (either electrochemigassivated or Silco-treated (Restek Corp.), eugrg8s, et al. 2012) to ~3
bar, using a metal bellows pump, with the remairtiing sub-samples of the parent archive. Sevérdles have shown
that mixing ratios of many species within the pa@8IRO Archive or UEA sub-archive are similar mositu measurements
made at Cape Grim at or close to the time of thhiee sampling; therefore verifying this archiverapresentative of actual
background air and allowing storage of these sasnpi¢hout substantial alterations of concentratiwithin the samples
(e.g. Fraser et al. 1986; Vollmer et al., 2011;/@& al., 2012; Laube et al., 2013).

In addition, 39 air samples extracted from deep $inow during two Antarctic drilling campaigns (Beer Island & Dome
C) enabled the reconstruction of atmospheric histoof the two gases from dates preceding the efeattte Cape Grim
record. The firn air extraction procedure and tharacteristics of the drilling sites are describeMartinerie et al. (2009).
Also, 15 upper tropospheric samples collected ey @ARIBIC Observatory (www.caribic-atmospheric.coan) flights
between Germany and South Africa on 10th and 1®briary 2015 were analysed to assess current émespheric
mixing ratio gradients and their consistency witl inferred tropospheric records. For details ensgimpling system please
refer to Brenninkmeijer et al. (2007). We also g results from 23 air samples collected in thporant East Asian
source region during a ground-based campaign iwdrairom the Hengchun site (22.1°N, 120.7°E, 7 sd.3in March and
April 2015.

3.2 Analytical technique

Samples were analysed for CFC-114 and CFC-114ayogenic trapping followed by Gas Chromatograpleijgesation and
Mass Spectrometric detection (GC-MS). The GC-MShmetis very similar to that described in detaiLeube et al. 2013.
Briefly, samples were dried by passing through gmeaium perchlorate (Mg(Cl®) drying tube. Condensable trace gases
were subsequently trapped in a packed stainleskssteple loop submerged in a cold bath held &iG78he sample loop
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was filled with Hayesep D adsorbent giving quatitiaretention and release. The sample loop watetiga near 100 °C to
ensure immediate and complete desorption of thitasa Some of the samples were analysed on am bidevery similar
GC-MS system (Oram, 1999; Fraser et al., 1999; Gaaah 2012; further details in section 3.3).

Separation was carried out using an Agilent 6898 Garomatograph. For full separation of the CFQnisxs, a Porous
Layer Open Tubular (PLOT) GC column was used, wltiminium oxide (AJO;) as the stationary phase, deactivated by
potassium chloride (KCI). This deviates signifidgritom the method described in Laube et al. 2048 ia the crucial detail
of the methodology within this study, as this tyfeGC column does separate CFC-114a from CFC-1hd.tWo isomers
are primarily separated as a function of their pti¢ss, rather than their boiling points. The GGuron was held at -10 °C
for 2 minutes and then heated to 180 °C at 10 °@imhiile maintaining a flow rate of 2 ml/min.

The GC is connected to a high sensitivity trise¢(EBE) mass spectrometer (MS) (Micromass/Waterogpec), which has
a typical detection limit < 0.1 femtomole per mateair (10*®) when extracting from 300 ml of air, and was opedan
electron impact selected ion recording (EI-SIR) moahd at a mass resolution of ~1000 at 5% peahtheCFC-114 and
CFC-114a were measured using mass fragmefé°Cl" and GF,*’CIl" (m/z 134.96 and 136.96). The retention times were
16.69 and 16.87 minutes for CFC-114 and CFC-114pextively. A pure, research-grade helium sampagk”) was
measured on each day and no system contaminatioohgzrved of relevance to the analysis of thecwvopounds. During
analysis all samples were bracketed by a “workbagdard” (clean northern hemispheric air, colledte@006) after every
two to three samples. Measurement uncertaintieg weliculated as the square root of the sum of dqoarss of the &
standard deviations of sample and standard measutenThe average precision was 1.1 % for bothésem

The detector response was evaluated with regaitd tmearity using the same methodology as in leagbal., 2014, i.e.
using a static dilution series prepared from a pemknd air sample collected in 2009 at Niwot Richgar Boulder, USA
(containing 15.2 ppt of CFC-114, and 1.03 ppt ofc€F4a, see 3.3 for calibration) with pure nitrogerstainless steel
canisters. The six dilutions were 100, 67, 30,7L5nd 0 % and we found linearity within 1.9 % whishwell within the

uncertainties of the dilution factors and measurgmecertainties (less than 5 % in all cases).

3.3 Calibration

Calibration scales were established for CFC-114 @RE-114a by a two-step dilution process describedaube et al.,
2012. A pure sample of a mixture of both isomer§ @ CFC-114a) was provided by DuPont. This isomeatio was
determined by Gas Chromatography with Flame loiinaDetection (GC-FID) at DuPont. The calibraticermple was
diluted into 99.7 litre aluminium drums to near-aspheric levels (CFC-114: 120 to 160 parts pdiatnilor ppt; CFC-114a:
6 to 9 ppt) in oxygen-free nitrogen. We here reforé particular improvement as compared to theipusly reported
calibration system, i.e. the improved leak rat¢hee drums which was achieved through extensaletksting and the use
of epoxy resin. Observed internal levels of outsittehave been reduced to below 0.01 % thus remgi@rieviously required
corrections unnecessary. The dilutions were andlyseGC-MS (described above and in Laube et al2p0dnd used to
assign mixing ratios to the above-mentioned interei@rence standard provided by NOAA (used asatbeking standard).

5



Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016-610, 2016 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Published: 2 August 2016 and Physics
(© Author(s) 2016. CC-BY 3.0 License.

Discussions

The same dilutions were also analysed in full stende to ensure their purity. A CFC of known atm@sghabundance
(CFC-12: diluted to between 260 and 290 ppt) wadeddo the dilution drums to assess accuracy ot#ibrations by
comparing calculated mixing ratios to NOAA calitioat values. The three separate calibration analyse accurate to
within 2.4% of NOAA values (using CFC-12 mixingicst, 2006 NOAA scale) and had a standard deviatfdn2 % (CFC-
5 114) and 1.5% (CFC-114a) respectively. Determinednm ratios are expressed on a volumetric dilusoale, which is not
equivalent to a mass based scale (as used by @8ANunless ideal gas behaviour is assumed. Thealtead calibration
error in assuming equivalence to a molar (massg $ees however been proven to be negligible far piairticular calibration
system (Laube et al., 2010).
These new calibrations were also applied to exjdisa from firn air (only CFC-114 published in Maerie et al., 2009) as
10 well as the earlier part of the Cape Grim recorca(@ 1999). Both of these data sets were analysedprevious version of
the GC-MS system with the same type of GC columhi¢lwv has long been known to separate the two isg)naerd also
using different air standards. Older data had ttrémesferred to the new calibration scales usipgagedly measured ratios
between internal standards. The conversion facbon the old calibration scale (Lee, 1994) as ptblisin Martinerie et al.,
(2009) was determined as 0.9185 for CFC-114 (CR€x10.5808). To ensure comparability of the dats, St Cape Grim
15 samples collected between 1978 and 2004 have medysad on both systems and these data agree witlcirtainties for
both isomers and show no indication for any systemaffset. We therefore conclude that all preséntata sets are

comparable and can be combined.

3.4 Firn modelling

Forward models of gas transport in firn (e.g. Bttizt al., 2012) use an atmospheric mixing ragémdras input and predict a
20 concentration profile versus depth in firn, whigsults from gas transport processes in firn suchmealecular diffusion,
gravitational setting, wind-driven convection ditere we use an improved version of the firn modelduin Martinerie et al.
(2009). A major upgrade is the use of a firn diffitg profile which optimally fits data from sevdreeference gases with
well-known atmospheric histories in the firn (Wittaet al., 2012). This model performed well in aternational inter-
comparison study (Buizert et al., 2012). Two spedependent physical constants are used in the Immodéecular mass
25 and diffusion coefficient in air. We used measwatlies of the CFC-114 diffusion coefficient from felanaga et al. (1993).
To our knowledge, no measurement is available f8€@14a but the estimation methods commonly usdirirmodels
(Fuller et al., 1966, Chen and Othmer, 1962, Matshl., 2007) provide the same diffusion coeffititar CFC-114 and
CFC-114a within uncertainties, which we therefose here.
Inverse models of gas transport in firn use mixiatp measurements in firn as input and predictoapheric trends. Such
30 an inverse approach was applied to CFC-114 by @tkiret al. (2002). Here we use a recently improwvegrse model
(Rommelaere et al., 1997; Witrant and Martineri@l® which can be constrained by several firn amgling sites at the
same time. The firn model improvements combinedh wite optimal inverse fit of the data lead to a mbetter agreement
(Figure S1) between the calculated atmospheridtaemnl firn data than in Martinerie et al. (2009) e other hand, it does
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not allow an evaluation of the consistency of fiata with emission based trends. In order to disthes CFC-114 and CFC-
114a budgets, we use an inverse (or top-down) gnesi modelling approach to infer emissions frotmaspheric

concentrations (see next section) rather thandiveard atmospheric modelling approach in Martinetial. (2009).

3.5 Emission modelling

The top-down global annual emissions estimateshef@GFC-114 and CFC-114a were derived using a tweeasional
atmospheric chemistry-transport model. The modelpréses of grid boxes which have been equally éi¢ithto 24 equal-
area, zonally-averaged bands and has 12 vertigaidaf 2 km depth. The latitudinal distributionerhissions is based on
the assumption that 95% of emissions originate fiodustrial activities in the Northern Hemisphepeedominantly from
mid-latitudes. By using these preferred latitudidadtributions, the transport scheme of the mods heen shown to
reproduce the reported global distributions of CHECand CFC-12 within 5 % (Reeves et al., 2005).

For the photolysis of CFC-114, the absorption creestions are calculated for each grid box as atifum of seasonally
varying temperature for the wavelengths 200 — 2@0(8imon et al. 1988). A log-linear extrapolationtioe Simon et al.
(1988) data, log (L) = -1.8233-0.0918was used to derive the absorption cross sectmmsifiger wavelengths in the range
of 222 — 235 nm (Sander et al. 2011). Due to thevaitability of UV absorption spectrum data repdrter CFC-114a at the
time, the same absorption data were used for CRCahdl CFC-114a. The rate coefficients of 1.43 X1 moleculé' s*
and 1.62 x 18° cn? moleculé' s* are applied for the reaction of D) with CFC-114 (Baasandorj et al., 2013) and CFC-
114a (Baasandorj et al., 2011), respectively. T@mmended values mentioned above are based onbyoakd. The
diffusive loss from the top of the model was setaojusting the mixing ratio of our studied compaosirad 25 km (i.e. the
boundary conditions) such that they were a fracti§rof those in the top model box (23 km) (Newlatcl. 2013). We use
values of 0.922 and 0.826 for F in order to achignesteady state lifetime of 189 and 100 year<Cle€-114 and CFC-
114a, respectively, based on the estimates receety reported in SPARC (2013) and Carpenter anchd®a et al.,
(2014). This is in agreement with the very recenglported lifetime of 105.3 years for CFC-114a, ahhiook into account
new UV absorption data (Davis et al., 2016). Itidtde noted that the vast majority of the losbath CFC-114 and CFC-
114a occurs above the height of the model domatiheio modelled lifetimes are largely controlled thye values assigned
to F, which is adjusted to give the reported atrhesp lifetimes. Once the model had been set up thi¢ above conditions,
the emissions in the model were iteratively adgigfdewman et al., 2013) until the predicted conegitns matched the
Cape Grim air measurements from 1978 to 2014. aheesapproach was also applied using the Southemiggbere firn
air-derived trends from 1960 to 2003.

The determination of uncertainty ranges of the eiois estimates of CFC-114 and CFC-114a were basedh®
combination the average measurement uncertaini4)l.the modelling uncertainty (5%) and the modelufcertainty
(1.1%) (combined as the square root of the sungo&es of individual uncertainties). Then the calilon uncertainty (2.4
%) was added to this to give an overall uncertaifitye calculated uncertainty ranges (+ 7.6%) welded to the ‘best fit’
modelled mixing ratios for Cape Grim to derive arvelope of upper and lower uncertainty bounds. fioelel was then
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rerun to fit to the upper bound of this envelopmgghe lower estimate of the lifetime to give tieximum emissions and

similarly rerun to fit to the lower bound of thewetope using the upper estimate of the lifetimegiiee the minimum

emissions (following the methodology of Kloss et20)14). The range of lifetimes used for CFC-114 Wa3-247 years for

CFC-114 (SPARC, 2013; Carpenter and Reimann e2@l4) and a similar relative range of lifetimesswassumed for
5 CFC-114a.

4 Results and discussion
4.1 Tropospheric long-term trends from firn air and the Cape Grim ar chive

The temporal evolution of CFC-114 and CFC-114ahews in Figure 1. The Southern Hemispheric trermbmstructed
from firn air reveals that atmospheric abundance®aih isomers became significant in the 1960s wveititelerating
10 abundances until the late 1970s. The CFC-114 reisosimilar to that presented in Sturrock et al02 (Figure S1), who
also used firn air reconstructions from a differénttarctic site at Law Dome, and an “early day” énse modelling
technique. From both air archives (firn and Capenwe find a further steady increase in abunddrme 1978 until the
1990s, followed by a weakening in growth. Also appéfrom Figure 1 is that mixing ratios of CFC-1dtépped increasing
around 1993 while those of CFC-114a continued d¢oeiase until around 2000. This will be discussethér in section 4.2.
15 The average atmospheric abundances of CFC-114 B@d1C4a at Cape Grim in 2012 were 15.2 + 0.3 pdtla5 + 0.01
ppt respectively. This means that our result agvesbwith the combined mixing ratio of 16.33 ppven in Carpenter and
Reimann et al. (2014) at this point in time (i.8612), with the corresponding calibration scale hgueen first reported in
Prinn et al. (2000). However, our Cape Grim reaenkals a steadily increasing contribution from €H@a starting at 4.2
% in 1978 (Figure 2) and reaching 6.9 % in 2014isT& confirmed by the ratios observed in the finderived record,
20 which shows pre-1978 CFC-114a/CFC-114 ratios of tvelow 4 %, although with considerable uncertamt{Figure 2).
Therefore the ~10% contribution of CFC-114a that haen assumed in Carpenter and Reimann et ak)(20d previous
WMO/UNEP Ozone assessments appears to have bermegstimate. Moreover, the contribution of CFC-d1d the sum
of the isomers has been assumed constant in thegieps assessments, which is clearly not the case.
CFC-114 is, at the end of our record in 2014, theth most abundant CFC in the atmosphere (aft€-CEF, CFC-12 and
25 CFC-113). Its mixing ratios were, on average, desireg at 0.01 ppt/year between 2008 and 2014.i3nsagreement with
Carpenter and Reimann et al. (2014) who reportedvanage decrease of 0.01 ppt/year between 2002Gi1 Although
being the fourth most abundant CFC, CFC-114 mixat@s are substantially lower than the three atl{eFC-11: 236.3,
CFC-12: 524.4 and CFC-113: 73.8 ppt, NOAA globatrage in 2012, Carpenter and Reimann et al., 20ts4)somer
CFC-114ais found to be the seventh-most abunda6tif the atmosphere, after CFC-115 and CFC-13, igtgrowth rate
30 not turning negative until 2008 with a subsequeerage decrease of 0.001 ppt/year.
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4.2 Global emission estimates

The atmospheric abundances of CFC-114 and CFC-drkmdicative of their accumulated emissions thi atmosphere.
Figure 3 shows the model based reconstructed gltralial emissions of both isomers as derived frioenGape Grim
observations. Emissions were already high for lsmmers at the beginning of the record in 1978 @emked between 1986
5 and 1988 at 18.5 Gg/year (CFC-114) and 1.7 Ggf@Re€-114a).
Figure 3 shows very similar emission behaviour ofhbisomers until around 1991. This similarity hettime series of
annual emissions is consistent with the use oigbmers as a mixture leading to co-emission. Thievien more apparent
when looking at the ratio of their emissions (Fegy@) which remained nearly constant at around 9e¥wden 1978 and
1991. Such a constant emission ratio may seem eontuiitive at first as the observed ratio of thixing ratios of the two
10 isomers increases rapidly throughout that periégb(ahown in Figure 2). In addition CFC-114a (1@@n, Carpenter and
Reimann et al., 2014) has a much shorter atmosplifatime as compared to CFC-114 (189 years, SPARX3). These
two facts imply that increasingly higher emissi@fisCFC-114a would be needed to sustain increasesximg ratios above
those of CFC-114. Both effects (i.e. the increasiagio of mixing ratios and the lifetime differercare however
compensated in the emissions by the fact thatritieséon ratio of CFC-114a/CFC-114 between 1978184l is at about 9
15 % well above the ratio of the mixing ratios ovee game period, which rises from 4.2 to 6.5 %. Tureenit assumption of
isomeric mixtures emitted to the atmosphere coirtgin10 % of CFC-114a is consistent with this 13+ygeriod. However,
the implication is that the ratio of pre-1978 enuas must have been significantly more biased tde&FC-114. In other
words, emission prior to 1978 must have largelysésiad of more than 96% of CFC-114 and 4 % ordé&FC-114a. This
is confirmed by ratio of the mixing ratios in bdtie Cape Grim-based and the firn-based recordsi@ig) and could point
20 to a change in manufacturing processes or paiggandent source(s).
From 1991 onwards we find a sharp increase of CE&&Emissions relative to those of CFC-114. Whiféssions of both
isomers decrease substantially throughout the 19806se of CFC-114a decline much slower. The is@r@nission ratio
(Figure 2) only starts to decrease again after CE€-emissions stop declining in 1996. In contras€FC-114, emissions
of CFC-114a continue to decline until 2010. Thisynsg&em surprising at first, but could perhaps lmnmeiled by the
25 aforementioned involvement of pure CFC-114a ingtaeluction of HFC-134a (Banks et al. 1994). Inctdéy, abundances
of HFC-134a started increasing in the atmosphetleerearly 1990s (Montzka et al., 1996b; Oram et18I96) as it replaced
CFCs predominantly in mobile air conditioning. Haxee our CFC-114a emission data do not suggesittisaan impurity
in all the HFC-134a produced as mixing ratios & thtter continue to increase to date (CarpentdrReimann, 2014).
CFC-114a is only an intermediate in one of the wails to synthesise HFC-134a. Our CFC-114a emisdain are
30 consistent with two possible scenarios, i.e. a)ssibhs of CFC-114a as an impurity in HFC-134a peeduvia that
pathway, as well as b) emissions at the HFC-13dduyumtion level.
We also compare the emission estimates from oprdmwn” observation-based approach with the “bottgph emissions

derived from production and release data from thierAative Fluorocarbons Environmental Acceptapifitudy (AFEAS)
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in Figure 4. We are only able to compare the surhath isomers as AFEAS does not distinguish betwee€-114 and
CFC-114a. The bottom-up data start much earlik9®4 but also end earlier in 2003. This is dueefmorting companies
responding to AFEAS that from 2003 onwards CFC-tddresented a small and diminishing fraction ofbgloCFC

production, which resulted in no further CFC dagéanly sought or reported (AFEAS, 2009).

5 In order to be able to compare bottom-up and toprdemissions prior to 1978 an extra emission magielwas carried out,
matching the firn-derived pre-1978 trend to the €dprim-derived record in 1978, which was successiithin the
constraint from the mixing ratio uncertainty rangdghe firn air record (Figure 4). The exact temgdshape of this pre-
1978 emission record is very uncertain as the taicgy range in the firn air-derived mixing ratifiSgure 1) allows a large
range of growth rates and therefore emission saenaNevertheless it enables us to conclude thetetirly part of the

10 AFEAS data, which suggests rapidly increasing eionissto more than 5 Ggl/year in the late 1940sjrex@nsistent with our
emissions. These emissions are very unlikely toehascurred before the mid-1950s. Moreover, a p#&16mission
maximum is required for CFC-114 (but not for CFGa)Lin order to satisfy both constraints i.e. ajahizng the emissions
of the Cape Grim and firn records in 1978 and b Ieaving the firn-based uncertainty range. Whemparing with
existing literature it is notable that the earlyE2&S record agrees with the mixing ratio time sede€FC-114 published in

15 Martinerie et al. (2009). This is however mostlyéese that study used AFEAS emissions as a prioit o the inversion
(see also section 3.5); while our records are semnylar to the top-down approach-based data sdighaal in Sturrock et al.
(2002).

In the overlap period of AFEAS with our Cape Grimsbd post-1978 record we find agreement betweetwthelata sets
within our uncertainty range apart from a periodthe early 1990s. From 1990 to 1993 our emissiogassgnificantly

20 higher than the AFEAS data (Figure 4). It shoulevéeer be noted that, while no uncertainties aremgivn the AFEAS data
base, there are considerable uncertainties relatdzbttom-up methods, which are difficult to quéntiThis especially
applies to the timing of the release to the atmesphDifferences between the two emission data (selsase data for
AFEAS) reach up to 5.0 Gglyear in 1991 but thicmipancy all but disappears after 1993. Both dets @also agree that
emissions decreased rapidly and stabilised bet&ekemand 2.3 Gg/year from 2000 onwards, demonsgrdtia success of

25 the Montreal Protocol. Cumulative emissions fromn tmp-down approach reach 530 Gg in 2003 (unceytaenge from
433 to 631 Gg) and agree very well with both AFEg8duction and release figures between 1934 an8,200ich have
been reported at 520 Gg and 511 Gg respective EAS; 2009). The aforementioned discrepancy in tréy gart of the
record may therefore well originate from pre-1966duction reported by AFEAS which was not immediateleased to
the atmosphere. For the post-2003 part, as distusseve and according to AFEAS, a substantial amotnCFC-114

30 (containing a fraction of CFC-114a) has been belieto be in banks of long-lived equipment. The AlSEdata base itself
does however not fully reflect this in their emiss as only 8.8 Gg remain “unreleased” to the apmee in 2003. If
current emissions are from existing equipment, thesh a small ‘bank’ is not consistent with curneetsisting emissions of
1.80 Gglyear (range: 1.0 to 2.7 Gglyear) of CFC-a4d 0.25 Gglyear (range: 0.16 to 0.35 Gg/yeaFE-114a in 2014,

10
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i.e. 11 years after a remainder of 8.8 Gg of bdrdsbeen reported. In contrast our cumulative eomsgor those 11 years
amount to 23 Gg (13 to 34 Gg).

Finally we have also derived emissions purely basethe atmospheric records derived from the firmata (dotted lines in
Figures 3 and 4). This illustrates the limitatiaighat methodology when relying on data from omlp sites. Atmospheric
mixing ratio records fit those from Cape Grim wé&it the overlap period (Figure 1). Emission estesatio however
strongly depend on the annual growth rates, ans simall discrepancies between the curvature ofithalerived and the
Cape Grim-based atmospheric records translatelange changes in the temporal distribution of tegneated emissions.
The limited accumulation rate of the two firn sitesed here prevents a high temporal resolutioheféspective record and
results partly in smoothing and partly in a shifttee timing of the emissions. However, the totaigsions estimated from
the firn record are 530 Gg (range: 505 to 557 Gygiog from 1960 to 2003) which agrees very wellhwitose from the
mostly Cape Grim-based trend over the same peasdyell as the AFEAS data when including emissiemorted from
1934 onwards.

4.3 An interhemispheric gradient case study from CARIBIC

Most industrialised countries are located in therthern Hemisphere, which is why trace gases of qredantly
anthropogenic origin are known to show interhemisjghgradients (e.g. Carpenter and Reimann e2@l4). The results
from interhemispheric flights by the CARIBIC Obsatory are shown in Figure 5. Even though we firighsly higher
mixing ratios in the Northern Hemisphere, the geatiwith latitude is neither significant for CFC4Lhor for CFC-114a
(within the 16 measurement uncertainty, i.e. 1.2 % on averagbdtir gases; compared to gradients of 0.8 % an@olfdr
CFC-114 and -114a respectively when looking atvtmiability of the atmospheric mixing ratios avezdgver both flights).
This is consistent with the Cape Grim data thatstimt global emissions of both of these gases laygely ceased. As our
GC-MS analyses revealed no exceptionally high ngixatios of many other trace gases (e.g. CFC-11361, HCFC-142b,
HFC-134a), we conclude that the sampled air masasesrepresentative of well mixed mid and upper dspheric

background air during February 2015.

4.4 Tropospheric samplesfrom Taiwan

Figure 6 shows the results of our measurement®f lBomers on samples collected during a fieldpzaagn in southern
Taiwan in 2015 (similar to the 2013 campaign regabtty Vollmer et al., 2015). The observed air massestly reached the
sampling site from China and the Korean Peninsukh wo significant influence from Taiwanese indistmregions.
Interestingly, we find up to 17% higher mixing cetiof CFC-114a when comparing with average mixat@gps observed at
Cape Grim between 2012 and 2014. Even samplestioat no significantly elevated mixing ratios foveeral other trace
gases that are known to have continuing strong Bagin sources (e.g. HCFC-141b, HFC-227ea) exhib@&C-114a
mixing ratio more than 2% higher than at Cape Giimcontrast mixing ratios of CFC-114 are not erdgghsignificantly

throughout the campaign confirming that the redisoarce of CFC-114a is not due to the emissicanasomeric mixture.

11
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HFC-134a during this campaign showed mixing ratilese to background (6 samples between 84 and 88ppvell as
enhancements of up to 132 ppt. However, when canp&FC-114a and HFC-134a we find no significanteiation (R
< 0.1), implying that either i) most of the regibm#C-134a emissions originate from production patps not involving
CFC-114a and/or ii) HFC-134a does not contain CE@alas an impurity and the latter is only emittedry HFC-134a
production. The connection of these regional CF@alémissions to HFC-134a production processesviever supported
by the fact that we see the biggest enhancemen@F6f115 (between 5 and 10 % above background)CGi@d-113a
(between 90 and 200 %) in the 4 samples with tighest CFC-114a mixing ratios; with both these coumpis being
involved in the same HFC-134a production processefe CFC-113 is isomerised to form CFC-113a, whgchhen
fluorinated to produce CFC-114a, followed by hydnoglysis to HFC-134a, CFC-115 being a small by-pcbés a result
of overfluorination, Banks et al., 1994). In addlitive cannot rule out the possibility of a new ¢orgeCFC-114a emissions
as the Taiwan samples were collected after theoéndr current Cape Grim record.

5 Conclusions

These tropospheric observations provide, for ttst fime, long-term trends and emissions of botiCdB4 and CFC-114a.
Based on firn air reconstructions from two Antarcites, both isomers had very low atmospheric dances (< 0.3 ppt)
before 1960, which is in agreement with an eadtedy that reported CFC-114 with an undeterminadtion of CFC-114a
and was based on a different firn drilling siteufgck et al., 2002). We demonstrate the impadhefMontreal Protocol
regulations, which banned consumption in develapmehtries from 1996 (UNEP, 2014) and this is prdjpate driver of
the stabilisation of the global atmospheric mixmagjos of both CFCs. We estimate global cumulaém@ssions of 553 Gg
(range: 415 to 617 Gg) of CFC-114 and 39.5 Gg (348 Gg) of CFC-114a up until 2014, which is laygebnsistent with
industry estimates (AFEAS, 2009); except for tingirig of the early emissions and the remainder ikbafter 2003. When
using the published Global Warming Potentials (GWH#<FC-114 (GWP-100: 8490, Carpenter and Reinmedrai., 2014)
and CFC-114a (GWP-100: 6510, Davis et al., 201@),caiculate that these cumulative emissions arév@igut to the
emission of 4.67 billion tonnes of GOAs a result of its higher GWP and its higher atante CFC-114 is the dominant
contributor (94.5 %) to these G@quivalent emissions.

We also find that significant global atmosphericigsions of 1.8 Gg/year (CFC-114, range: 1.0 to@gfyear) and 0.25
Gglyear (CFC-114a, range: 0.16 to 0.35 Gg/yeanigted until at least 2014, highlighting the needdontinued efforts to
ensure that these substances eventually disappeaitiie atmosphere. Further observations are atpaired to understand
the origin of those emissions, especially in thetEssian region. It should however be noted thahsemissions are not
necessarily in breach of the Montreal Protocol gitleat CFCs used as intermediates in the producfiather compounds
(such as HFC-134a) do not have to be reported ihdetreaty.

Importantly, CFC-114 and CFC-114a were not alwaypmduced or co-emitted. This results in time-def@nt changes in

the ratio of the isomers in atmospheric samplesisTthe use of a simple time-invariant correction%) as assumed in

12
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recent assessments of climate change and ozonetideple.g. Myhre et al., 2013, Carpenter and Reimet al., 2014) is
not correct when discussing their abundance chaogeistime and their impacts on ozone depletion radiative forcing.

Finally, given the differences in trends and ensigssiwe recommend that the two isomers should bertexb separately in
the future, or that time-dependent speciation factsuch as presented here, should be used to xappie global

concentrations of CFC-114 and CFC-114a.
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Figure 1: Mixing ratios of CFC-114 and CFC-114a as measunegiri samples collected at Cape Grim, Australiaveeh
1978 and 2014 (diamonds) and derived from two Asti@firn air profiles (lines). Uncertainties aresIstandard deviations
for Cape Grim data and a combination of the forare a firn modelling uncertainty for the latterdam as dashed lines,

5 see text for further details).
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Figure 2: CFC-114a/CFC-114 ratio of mixing ratios at CapéGleft axis, black diamonds) and derived from @vatic
firn (left axis, black line), as well as the rat their emissions derived from these observatigight axis, orange line).
Uncertainties of those ratios are calculated fromuncertainties of mixing ratios (Figure 1) andssmns (Figure 3) and

5 using the equation for combining errors in quosent
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