10

15

20

25

30

35

Tropospheric observations of CFC-114 and CFC-114a with a focus
on long-term trends and emissions

Johannes C. LaubeNorfazrin Mohd Hanif, Patricia Martinerie Eileen Gallachér Paul J. Fras&r
Ray Langenfelds Carl A. M. Brenninkmeijet Jakob Schwand&rEmmanuel Witraft Jia-Lin Wandg,
Chang-Feng Ou-YarigLauren J. GoochClaire E. ReevésWilliam T. SturgeSand David E. Oraf?

!Centre for Ocean and Atmospheric Sciences, ScHdeharonmental Sciences, University of East Angh@rwich, NR4
7TJ, United Kingdom

2YJF-Grenoble 1/CNRS, Laboratoire de Glaciologi€éophysique de 'Environnement, F-38041, Grendblance
®0Oceans and Atmosphere, Commonwealth Scientifidmastrial Research Organisation, Aspendale, Aliatra

“Air Chemistry Division, Max Planck Institute for €mistry, Mainz, Germany

°Physics Institute, University of Berne, Bern, Switand

®UJF-Grenoble 1/CNRS, Grenoble Image Parole Signabmatique, Grenoble, France

'Department of Chemistry, National Central Universithongli, Taiwan

8Department of Atmospheric Sciences, National Céhtréversity, Taiwan

®National Centre for Atmospheric Science, SchooEafironmental Sciences, University of East Anghirwich, NR4
7TJ, United Kingdom

Correspondence to: Johannes C. Laubgléube@uea.ac.gk

Abstract. Chlorofluorocarbons (CFCs) are ozone depletingtauites as well as strong greenhouse gases, acaontnel of
their production and use under the Montreal Prdthas had demonstrable benefits to both mitigatibimcreasing surface
UV radiation and climate forcing. A global ban ameumption came into force in 2010, but there idence of continuing
emissions of certain CFCs from a range of sour@e® compound has received little attention in fterdture, namely
CFC-114 (GCl,F,). Of particular interest here is the differentatibetween CFC-114 (CGECIF,) and its asymmetric
isomeric form CFC-114a (GECLF) as atmospheric long-term measurements in therpemwed literature to date have
been assumed to represent the sum of both isonidr&wme-invariant isomeric speciation. Here wepart the first long-
term measurements of the two isomeric forms seplgraand find that they have different origins ammends in the
atmosphere.

Air samples collected at Cape Grim (41°S), Austradiuring atmospheric background conditions sirec&881combined with
samples collected from deep polar snow (firn) emald to obtain a near-complete record of both gsise® 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 start of the Cape
Grim record in 1978 and the end of our record it&@vhile over the same time CFC-114a trebled ffo85 to 1.03 ppt.
Mixing ratios of both isomers are slowly decreadiyghe end of this period. This is consistent witbasurements of recent
aircraft-based samples showing no significant hiterispheric mixing ratio gradient.

We also find that the fraction of CFC-114a miximgio relative to that of CFC-114 increased fron?4.® 6.9% over the

37-year period. This contradicts the current tasisumption used in international climate change @@mhe depletion
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assessments that both isomers have been largadyitted and that their atmospheric concentratidio faas remained
approximately constant in time. Complementary oleesns of air collected in Taiwan indicate a pgiieg source of CFC-
114ain South East Asia which may have been cariinipp to the changing balance between the two iseme

In addition we present top-down global annual emissestimates of CFC-114 and CFC-114a derived ftbese
measurements using a two-dimensional atmospheramisitry-transport model. In general, the emissidms both
compounds grew steadily during the 1980s, follovagda substantial reduction from the late 1980s wdsjawhich is
consistent with the reduction of emission in reggoto the Montreal Protocol, and broadly consisteith bottom-up
estimates derived by industry. However, we findt thanall but significant emissions of both isomeesnain in 2014.
Moreover the inferred changes to the ratio of eimissof the two isomers since the 1990s also iteittzat the sources of

the two gases are, in part, independent.

1 Introduction

Chlorofluorocarbons (CFCs) are halogenated hydbmres of exclusively anthropogenic origin. Thesatreély 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 to likenge of a significant tropospheric sink proc&gy eventually are
broken down in the stratosphere thereby releas@agtive chlorine, which catalytically destroys ogofRowland and
Molina, 1975), resulting in increases in harmful tAdiation at the surface. Since the discoverhefAntarctic ozone hole
(Farman et al. 1985), the enforcement and subséameendments of the Montreal Protocol on Substati@sDeplete the
Ozone Layer (1989) resulted in the successful ptmageof CFC production and consumption in indufitea and
developing nations by 2010 (apart from relativelinon critical-use exemptions). Consequently, theralance of most
documented CFCs in the atmosphere started to de@ontzka et al., 1996a, Montzka and Reimann.efall 0, Rigby et
al. 2013, Carpenter and Reimann et al. 2014, Latibé 2014; for Montreal Protocol ratification tste see UNEP, 2014).
Continued research and monitoring of all ozone etéml substances (ODSs) are essential to ensurpliemice with the
Montreal Protocol for environmental protection agiozone loss.

This study focuses on two CFC compounds that haea Iparticularly understudied to date. The isomeaic of CFC-114
(CCIF,CCIR,) and asymmetric CFC-114a (§FCLF) were primarily used as aerosol propellants, lagvihg agents in
polyolefin foams and as refrigerants in long-livegpliances (Fisher and Midgley, 1993) before prtidncwas banned
following the Montreal Protocol (UNEP, 2014). Mingemaining uses of CFC-114 were for cooling proegssg. in naval
vessels (Andersen et al. 2007). CFC-114a has also teportedly used in the production of HFC-13da latter being one
of the alternatives to replace CFC-114 used inlersil(Banks et al. 1994). The Alternative Fluortars Environmental
Acceptability Study (AFEAS) reported that 514,3b84 of the isomers (combined) were produced betW88ii 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 pigddly produce continued emissions to the atmosp(BFEAS, 1995 and
2009).

As with all CFCs, the stratospheric loss proces$dbese isomers are photolysis by ultra-violetatdn 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¢t® total stratospheric loss. The reaction of CE@a with OID) is
thought to be faster than that of CFC-114. In addjitCFC-114a is more susceptible to photolysis t6&C-114, resulting
in the CFC-114a atmospheric lifetime being shattten that of CFC-114 (Burkholder et al. 2013; Daatisl., 2016). The
total atmospheric steady-state lifetimes of CFC-Hil -114a are currently estimated to be ~189 ab@D ~years
respectively (Burkholder et al. 2013; Carpenter Retmann et al., 2014; Davis et al., 2016).

CFC-114 and CFC-114a are difficult to separatehag boiling points are almost identical. The samitly of their mass
spectra complicates even their separate detectitnmass spectrometric techniques. Therefore, #iwindance is usually
reported as a sum of both isomers, assuming adnaeot ~10% of CFC-114a (Carpenter and Reimanih. g€2@14).

Two previous studies reconstructed historical tsefud CFC-114 or the sum of CFC-114 and CFC-114rgufirn air data
(Sturrock et al., 2002, Martinerie et al., 200Qurck et al. (2002) used inverse firn modelliaghniques constrained with
firn air data from an Antarctic site (Law Dome) aaid archive data from an observatory at Cape Ghostralia (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. Thieir &ir-based data (calibration first reported mP et al. (2000)) were
compared with University of East Anglia (UEA) dathCFC-114 (fully separated from CFC-114a) from €&xim on an
earlier UEA calibration scale (Lee, 1994) and abeation difference (factor of 0.94, constant ovine) was found.
Martinerie et al. (2009) used AFEAS emissions andamospheric chemistry model to calculate atmaspheends that
were compared to firn data at 5 sites from Anteectand Greenland using a forward firn modellingrapph. They
concluded that the AFEAS emissions based trendingato significant atmospheric concentrations befd960, is
inconsistent with the firn and atmospheric dataedasend from Sturrock et al. (2002) and that tharSck et al. (2002)
trend is more consistent with their Northern Herhese firn data than the AFEAS based trend. The diata used in
Martinerie et al. (2009) are a combination of UEAQ114 measurements at North GRIP, Berkner Islamt ome C
(earlier calibration scale) and NCAR CFC-114+CF@&d ineasurements at Devon Island, North GRIP andridng Maud
Land.

In addition to early attempts of quantificationgieChen et al., 1994) and the regular global mixiatip updates in recent
WMO Ozone Assessments, Reimann et al. (2004) regpastmospheric CFC-114 abundances having stabiligtd
elevated levels essentially absent in the latedtgiahe record from the high-altitude stationJangfraujoch, Switzerland.
Moreover, the study of Chan et al. (2006) foundsubstantial emissions from the heavily industr@disegion in the Pearl
River delta in China. Again, none of these studlesinguishes between the two isomeric forms of €dA@. We here
provide, for the first time, a complete quantifioat of both isomers, based on an analysis of a auwatibn of archived

remote Southern Hemispheric tropospheric air amddir data that allows the reconstruction of gdspheric record from
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1960 to 2014. The abundances, temporal evoluti@heamissions of both isomers are evaluated usingsmement and
modelling techniques that have been updated antbirad since the first measurements in the 1990s, (1894 and Oram

1999). Further insights are derived from aircrafséd observations as well as samples collectedshAsia.

3 M ethodology

3.1 Sample collection

Air samples are routinely collected at Cape Grimrfeeasurement and archiving during baseline camditi{clean marine
air, wind speeds >15 km'tand direction 190-290° (Fraser et al., 1999))@epnting unpolluted Southern Hemispheric air
with long air mass back-trajectories over the SeuthOcean, distant from pollution sources priotheir arrival at Cape
Grim. UEA stores an archive of such air sampleseruly spanning 1978-2014. We have analysed 1lthesfe archived
samples. All samples collected before 1994 weressuthples of the parent Cape Grim air archive, fesired to and stored
in 3 litre electropolished stainless steel cansstBost 1994 the majority of samples have beeedatellin situ into 3 litre
stainless steel canisters (either electrochemigellsivated or Silco-treated (Restek Corp.), eugrg8s, et al. 2012) to ~3
bar, using a metal bellows pump, with the remairziing sub-samples of the parent archive. Sevardles have shown
that mixing ratios of many species within the pa@8IRO Archive or UEA sub-archive are similar tositu measurements
made at Cape Grim at or close to the time of thiae sampling; therefore verifying this archiverapresentative of actual
background air and allowing storage of these sasnpithout substantial alterations of concentratiaiihin 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 hiessoof the two gases from dates preceding the sfattte 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 &y @ARIBIC Observatory (www.caribic-atmospheric.coan) flights
between Germany and South Africa on 10th and 1#brdary 2015 were analysed to assess current éméspheric
mixing ratio gradients and their consistency with inferred tropospheric records. For details @nsimpling system please
refer to Brenninkmeijer et al. (2007). We also udg results from 23 air samples collected in thparfant East Asian
source region during a ground-based campaign iwdrafrom the Hengchun site (22.1°N, 120.7°E, 7 sxl.ain March and
April 2015.

3.2 Analytical technique

Samples were analysed for CFC-114 and CFC-114aylogenic trapping followed by Gas Chromatograpleigasation and
Mass Spectrometric detection (GC-MS). The GC-MShmetis very similar to that described in detaiLaube et al. 2013.

Briefly, samples were dried by passing through gmeaium perchlorate (Mg(Cl) drying tube. Condensable trace gases
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were subsequently trapped in a packed stainlesksstmple loop submerged in a cold bath held &iC78he sample loop
was filled with Hayesep D adsorbent giving quatitiaretention and release. The sample loop waketida near 100 °C to
ensure immediate and complete desorption of thiyteisa 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 Gharomatograph. For full separation of the CFQCnists, a Porous
Layer Open Tubular (PLOT) GC column was used (deppAgilent, length: 50 m, ID: 0.32 mm, film thinkss: 5um),
with aluminium oxide (AJOs) as the stationary phase, deactivated by potassilonide (KCI). This deviates significantly
from the method described in Laube et al. 2013isuide crucial detail of the methodology withinglstudy, as this type of
GC column does separate CFC-114a from CFC-114. tiMoeisomers are primarily separated as a functibriheir
polarities, rather than their boiling points. Th€ @olumn was held at -10 °C for 2 minutes and thesated to 180 °C at 10
°C/min while maintaining a flow rate of 2 ml/min.

The GC is connected to a high sensitivity trise¢EBE) mass spectrometer (MS) (Micromass/Waterogpgc), which has
a typical detection limit < 0.1 femtomole per moigair (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% peahheCFC-114 and
CFC-114a were measured using mass fragmefg-Cl* and GF,*'CI* (m/z 134.96 and 136.96). The retention times were
16.69 and 16.87 minutes for CFC-114 and CFC-114peudively. A pure, research-grade helium sampha@k”) was
measured on each day and no system contaminati®olgzrved of relevance to the analysis of thecovopounds. During
analysis all samples were bracketed by a “workiagdard” (clean northern hemispheric air, colledte@006) after every
two to three samples. Measurement uncertaintieg walculated as the square root of the sum of qoharss of the &
standard deviations of sample and standard measuatenT he average precision was 1.1 % for bothéssm

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 bemknd air sample collected in 2009 at Niwot Riggar Boulder, USA
(containing 15.2 ppt of CFC-114, and 1.03 ppt ofCcH.4a, see 3.3 for calibration) with pure nitrogerstainless steel
canisters. The six dilutions were 100, 67, 30,7Z18nd 0 % and we found linearity within 1.9 % whishwell within the
uncertainties of the dilution factors and measurgrmecertainties (less than 5 % in all cases).

3.3 Calibration

Calibration scales were established for CFC-114 @RE-114a by a two-step dilution process describeaube et al.
(2010) which was improved later (Laube et al., 202pure sample of a mixture of both isomers & TFC-114a) was
provided by DuPont. This isomeric ratio was deteedi by Gas Chromatography with Flame lonizationeBn (GC-
FID) at DuPont. The sample was provided at >99.8éty (weight) and contained small amounts of ottiace gases,
most notably 0.112 % of CFC-115 and 0.028 % of ABCThe latter were successfully removed to beletection limits
through transfer into a vacuum-tight canister foka by repeated freezing and evacuating cycles.calibration sample
was then diluted into 99.7 litre aluminium drumsniar-atmospheric levels (CFC-114: 120 to 160 paetstrillion or ppt;
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CFC-114a: 6 to 9 ppt) in oxygen-free nitrogen. Viéeehreport one particular improvement as compavethe previously
reported calibration system, i.e. the improved legtke of these drums which was achieved througbnsite leak-testing
and the use of epoxy resin. Observed internal $eeéloutside air have been reduced to below 0.0thds rendering
previously required corrections unnecessary. Thaioin drums were flushed with > 20,000 litres dfrbigen and no major
additional organic compounds were detected in thisequent blanks. The dilutions were analysed byM3C(described
above and in Laube et al. 2010), and used to aswiging ratios to the above-mentioned internal meffiee standard
provided by NOAA (used as the working standard)e Shme dilutions were also analysed in full scaderto ensure their
purity. A CFC for which an independent an interoadilly recognised calibration exists (CFC-12: ditlito between 260
and 290 ppt) was added to the dilution drums tesssaccuracy of the calibrations by comparing t¢atled mixing ratios to
NOAA calibration values. The three separate cdlibnaanalyses were accurate to within 2.4% of NOw&lues (using
CFC-12 mixing ratios, 2006 NOAA scale) and we thame consider the accuracy of the calibration t®2b#¥% at the most.
As for the calibration precision the ktandard deviation of these calibrations was 1.LC%C-114) and 1.5% (CFC-114a)
respectively. Determined mixing ratios are expréssea volumetric dilution scale, which is not e@lént to a mole (mass)
based scale (as used by e.g. NOAA) unless ideabghaviour is assumed. The resultant calibratioorén assuming
equivalence to a molar (mass) scale has however fyegen to be negligible for this particular cadition system (Laube et
al., 2010). It should also be noted that the aeguaod our calibration is limited by the accuracytbé ratio of CFC-114 and
CFC-114a in the sample provided by DuPont, whichinknown. It is however well known that the molasponse factors
of isomeric compounds are very similar in Flameidation detectors (e.g. Tong and Karasek, 1984thisas unlikely to be
a major limitation of this study.

These new calibrations were also applied to exjdtismta from firn air (only CFC-114 published in Maerie et al., 2009) as
well as the earlier part of the Cape Grim recorda@ 1999). Both of these data sets originate fro@asurements on a
previous version of the GC-MS system with the séype of GC column (which has long been known tcasafe the two
isomers) and also using different air standarddefdlata had to be transferred to the new caldratcales (“UEA-2014")
using repeatedly measured ratios between intetaatlards. The conversion factor from the old UEkbcation scale (Lee,
1994 and Oram, 1999) as published in Martinerial.e{2009) was determined as 0.9185 for CFC-11HCJQ14a: 0.5808).
To ensure comparability of the data sets, 14 Cape Gamples collected between 1978 and 2004 hase hpalysed on
both systems and these data agree within uncéesiior both isomers and show no indication for aystematic offset. We

therefore conclude that all presented data setscanparable and can be combined.

3.4 Firn modelling

Forward models of gas transport in firn (e.g. Brtiz¢ al., 2012) use an atmospheric mixing ragéndras input and predict a
concentration profile versus depth in firn, whigsults from gas transport processes in firn sucmascular diffusion,
gravitational setting, wind-driven convection etlere 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
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well-known atmospheric histories in the firn (Wittaet al., 2012). This model performed well in aternational inter-
comparison study (Buizert et al., 2012). Two specdependent physical constants are used in the Inmodéecular mass
and diffusion coefficient in air. We used measureatlies of the CFC-114 diffusion coefficient from fglanaga et al. (1993).
To our knowledge, no measurement is available f6€@14a but the estimation methods commonly usdarirmodels
(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 mixiatio measurements in firn as input and predictoapheric trends. Such
an inverse approach was applied to CFC-114 by &tkiret al. (2002). Here we use a recently improvegrse 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 Wit optimal inverse fit of the data lead to a mbetter agreement
(Figure S1) between the calculated atmospheridtegl firn data than in Martinerie et al. (2009 #Be other hand, it does
not allow an evaluation of the consistency of flata with emission based trends. In order to dstus CFC-114 and CFC-
114a budgets, we use an inverse (or top-down) gih@sik modelling approach to infer emissions frotma@spheric

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

3.5 Emission modelling

The top-down global annual emissions estimateshefGFC-114 and CFC-114a were derived using a twedsional
atmospheric chemistry-transport model. The modeimtses of grid boxes which have been equally @tidhto 24 equal-
area, zonally-averaged bands and has 12 vertigatdaf 2 km depth. The latitudinal distributionerhissions is based on
the assumption that 95% of emissions originate fiodistrial activities in the Northern Hemisphepegedominantly from
mid-latitudes (in agreement with the work by Mc@©uh et al., 1994). By using these preferred latitalddistributions, the
transport scheme of the model has been shown todepe the reported global distributions of CFCahti CFC-12 to
within 5 % (Reeves et al., 2005).

For the photolysis of CFC-114, the absorption cremstions are calculated for each grid box as atifum of seasonally
varying temperature for the wavelengths 200 — 220(8imon et al. 1988). A log-linear extrapolatiohtlee Simon et al.
(1988) data, log (\) = -1.8233-0.0918was used to derive the absorption cross sectmrsriger wavelengths in the range
of 222 — 235 nm (Sander et al. 2011). For CFC-lthéaabsorption data from Davis et al. (2016) wesedu The rate
coefficients of 1.43 x I8 cn?® molecule' s* and 1.62 x 1%° cn® moleculé' s* are applied to the reactions of'DJ with
CFC-114 and CFC-114a, based on work by Baasandalj @013) and Baasandorj et al. (2011), respelsti The diffusive
loss from the top of the model was set by adjustirggmixing ratio of our studied compounds at 25 (kex the boundary
conditions) such that they were a fraction (F)hafse in the top model box (23 km) (Newland et @L3). We use values of
0.922 and 0.837 for F in order to achieve the stestdte lifetime of 189 and 102 years for CFC-1bdl £FC-114a,
respectively, based on the estimates recently tmorted in SPARC (2013) and Carpenter and Reiretiah, (2014). This

is in agreement with the very recently reportedtilifie of 105.3 years for CFC-114a, which took iatwount new UV
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absorption data (Davis et al., 2016). It shouldnbéed that the vast majority of the loss of bothO2FL4 and CFC-114a
occurs above the height of the model domain sa thedelled lifetimes are largely controlled by tredues assigned to F,
which is adjusted to give the reported atmospHéeatimes. Once the model had been set up withatheve conditions, the
emissions in the model were iteratively adjustedvwihan et al., 2013) until the predicted concermratimatched the Cape
Grim air measurements from 1978 to 2014. The sgwpeoach was also applied using the Southern Herisptirn air-
derived trends from 1960 to 2003.

The determination of uncertainty ranges of the siois estimates of CFC-114 and CFC-114a were basedh®
combination the average measurement uncertainf4)l.the modelling uncertainty (5%) and the modeuhcertainty
(1.1%) (combined as the square root of the sungo@ies of individual uncertainties). Then the galiion 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 awvelope of upper and lower uncertainty bounds. moelel was then
rerun to fit to the upper bound of this envelopmgdhe lower estimate of the lifetime to give theximum emissions and
similarly rerun to fit to the lower bound of thewatope using the upper estimate of the lifetimegitee the minimum
emissions (following the methodology of Kloss et 2014). The range of lifetimes used was 153-24ts/éor CFC-114
(SPARC, 2013; Carpenter and Reimann et al., 204d)aasimilar relative range of lifetimes (82 - 1y3&ars) was assumed
for CFC-114a.

4 Results and discussion
4.1 Tropospheric long-term trendsfrom firn air and the Cape Grim archive

The temporal evolution of CFC-114 and CFC-114ahisws in Figure 1. The Southern Hemispheric trerabmetructed
from firn air reveals that atmospheric abundance$aih isomers became significant in the 1960s veittelerating
abundances until the late 1970s. The CFC-114 rdsastilar to that presented in Sturrock et a002) (Figure S1), who
also used firn air reconstructions from a differéattarctic site at Law Dome, and an “early day” énse modelling
technique. From both air archives (firn and Capen(ive find a further steady increase in abunddrma 1978 until the
1990s, followed by a weakening in growth. Also ap&from Figure 1 is that mixing ratios of CFC-1stépped increasing
around 1993 while those of CFC-114a continued ¢eeimse until around 2000. This will be discussethér in section 4.2.
The average atmospheric abundances of CFC-114 B@d1C4a at Cape Grim in 2012 were 15.2 + 0.3 pdtlad5 + 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.612), with the corresponding calibration scale hgueen first reported in
Prinn et al. (2000). However, our Cape Grim reaenkals a steadily increasing contribution from €F@a starting at 4.2
% in 1978 (Figure 2) and reaching 6.9 % in 2014isi& confirmed by the ratios observed in the &inderived record,
which shows pre-1978 CFC-114a/CFC-114 ratios obwefl %, although with considerable uncertaintiegyfe 2).

Therefore the ~10% contribution of CFC-114a that baen assumed in Carpenter and Reimann et al4)(208 previous
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WMO/UNEP Ozone assessments appears to have bermeaastimate. Moreover, the contribution of CFC-d 1@ the sum
of the isomers has been assumed constant in thegeys 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
CFC-113). Its mixing ratios were, on average, desireg at 0.01 ppt/year between 2008 and 2014.i3 lnisagreement with
Carpenter and Reimann et al. (2014) who reportedvanage decrease of 0.01 ppt/year between 2002Gi#1 Although
being the fourth most abundant CFC, CFC-114 mixaigps are substantially lower than the three ati{@FC-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 abunda6ti@ the atmosphere, after CFC-115 and CFC-13 igtgrowth rate
not turning negative until 2008 with a subsequestrage decrease of 0.001 ppt/year.

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 glalal emissions of both isomers as derived froenGape Grim
observations. Emissions were already high for igdmers at the beginning of the record in 1978 @emked between 1986
and 1988 at 18.2 Gg/year (CFC-114) and 1.79 Ggfyefa€-114a).

Figure 3 shows very similar emission behaviour ofhbisomers until around 1991. This similarity lettime series of
annual emissions is consistent with the use ofgbmers as a mixture leading to co-emission. Thisvien more apparent
when looking at the ratio of their emissions (Fey@) which remained nearly constant at around 9e¥véen 1978 and
1991. Such a constant emission ratio may seem eonfutitive at first as the observed ratio of thing ratios of the two
isomers increases rapidly throughout that peridgb(ahown in Figure 2). In addition CFC-114a (1@2ang, Carpenter and
Reimann et al., 2014) has a much shorter atmosphfatime as compared to CFC-114 (189 years, SPAR13). These
two facts imply that increasingly higher emissi@isCFC-114a would be needed to sustain relativecages (as a percent
of the abundance) above those of CFC-114. Botletsfige. the increasing ratio of mixing ratios dhd lifetime difference)
are however compensated in the emissions by théhatthe emission ratio of CFC-114a/CFC-114 betw#978 and 1991
is at about 9 % well above the ratio of the mixmgos over the same period, which rises from 4.8.6 %. The current
assumption of isomeric mixtures emitted to the aphere containing ~10 % of CFC-114a is consistetit this 13-year
period. However, the implication is that the ratiopre-1978 emissions must have been significamtbye biased towards
CFC-114. In other words, emission prior to 1978 nnasve largely consisted of more than 96% of CF@-d4dd 4 % or less
of CFC-114a. This is confirmed by ratio of the mixiratios in both the Cape Grim-based and thebfased records (Figure
2) and could point to a change in manufacturinggsses or partly independent source(s).

From 1991 onwards we find a sharp increase of CE&ZEmissions relative to those of CFC-114. Whitéssions of both
isomers decrease substantially throughout the 1986se of CFC-114a decline much slower. The isan@mnission ratio
(Figure 2) only starts to decrease again after CE€-emissions stop declining in 1996. In contrasEFC-114, emissions

of CFC-114a continue to decline until 2010. Thisynsgem surprising at first, but could perhaps tmoneiled by the
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aforementioned involvement of pure CFC-114a ingtaeluction of HFC-134a (Banks et al. 1994). Inctdéiy, abundances
of HFC-134a started increasing in the atmosphetidrearly 1990s (Montzka et al., 1996b; Oram et18l96) as it replaced
CFCs predominantly in mobile air conditioning. Haxee, our CFC-114a emission data do not suggesittiaan impurity
in all the HFC-134a produced as emissions of ttterl@ontinue to increase to date (Carpenter arich&e, 2014). CFC-
114a is only an intermediate in one of the pathwaysynthesise HFC-134a. Our CFC-114a emission al&aonsistent
with two possible scenarios, i.e. a) emissions€c 14a as an impurity in HFC-134a produced viapaghway, as well as
b) emissions at the HFC-134a production level.

We also compare the emission estimates from oyrdtmvn” observation-based approach with the “bottgh emissions
derived from production and release data from therAative Fluorocarbons Environmental Acceptapiftudy (AFEAS)
in Figure 4. We are only able to compare the surbath isomers as AFEAS does not distinguish betwele@-114 and
CFC-114a. The bottom-up data start much earlier984 but also end earlier in 2003. This is dueefworting companies
responding to AFEAS that from 2003 onwards CFC-idgresented a small and diminishing fraction ofbgloCFC
production, which resulted in no further CFC daginb sought or reported (AFEAS, 2009).

In order to be able to compare bottom-up and toprdemissions prior to 1978 an extra emission magielas carried out,
matching the firn-derived pre-1978 trend to the €d&prim-derived record in 1978, which was successgfithin the
constraint from the mixing ratio uncertainty rangdshe firn air record (Figure 4). The exact temgshape of this pre-
1978 emission record is very uncertain as the taicgy range in the firn air-derived mixing ratilSgure 1) allows a large
range of growth rates and therefore emission samnakevertheless it enables us to conclude thatetrly part of the
AFEAS data, which suggests rapidly increasing eioissto more than 5 Gg/year in the late 1940sjrex@nsistent with our
emissions estimates. Emission rates above 5 Gagysuggested by AFEAS, are unlikely to have ocdupefore the mid-
1950s. Moreover, a pre-1978 emission maximum isired for CFC-114 (but not for CFC-114a) in ordersatisfy both
constraints i.e. a) matching the emissions of ta@eCGrim and firn records in 1978 and b) not legwine firn-based
uncertainty range. When comparing with existingréiture it is notable that the early AFEAS recagctkas with the mixing
ratio time series of CFC-114 published in Martieegt al. (2009). This is however mostly because shaly used AFEAS
emissions as a prior input to the inversion (se® aection 3.5); while our records are very simtlarthe top-down
approach-based data set published in Sturrock €G02).

In the overlap period of AFEAS with our Cape Grilasbd post-1978 record we find agreement betweetwiheata sets
within our uncertainty range apart from a periodthie early 1990s. From 1990 to 1993 our emissioassignificantly
higher than the AFEAS data (Figure 4). It shouldvbeer be noted that, while no uncertainties aremivn the AFEAS data
base, there are considerable uncertainties retatdgbttom-up methods, which are difficult to quéntiThis especially
applies to the timing of the release to the atmesphDifferences between the two emission data (seksase data for
AFEAS) reach up to 4.5 Ggl/year in 1991 but thisiipancy all but disappears after 1993. Both detts also agree that
emissions decreased rapidly and stabilised bet@e®and 2.3 Gg/year from 2000 onwards, demonstrdtia success of

the Montreal Protocol. Cumulative emissions from tmp-down approach reach 537 Gg in 2003 (unceytaenge from
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436 to 627 Gg) and agree very well with both AFE#8Bduction and release figures between 1934 an8,200ich have
been reported at 520 Gg and 511 Gg respectivelfES; 2009). The aforementioned discrepancy in #réy 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 disdusseve and according to AFEAS, a substantial amotil€FC-114
(containing a fraction of CFC-114a) has been belieto be in banks of long-lived equipment. The ARSEdata base itself
does however not fully reflect this in their emiss as only 8.8 Gg remain “unreleased” to the apimexe in 2003. If
current emissions are from existing equipment, therh a small ‘bank’ is not consistent with currpetsisting emissions of
1.80 Gglyear (range: 1.0 to 2.7 Gg/year) of CFC-aid 0.25 Ggl/year (range: 0.18 to 0.32 Gg/yeafjfE-114a in 2014,
i.e. 11 years after a remainder of 8.8 Gg of bdrdssbeen 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 firdata (dotted lines in
Figures 3 and 4). This illustrates the limitatimighat methodology when relying on data from oty sites. Atmospheric
mixing ratio records fit those from Cape Grim wdr the overlap period (Figure 1). Emission estesatio however
strongly depend on the annual growth rates, ans $imall discrepancies between the curvature ofithwelerived and the
Cape Grim-based atmospheric records translatelange changes in the temporal distribution of tegéngated 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 shiftlee timing of the emissions. However, the totaigsions estimated from
the firn record are 530 Gg (range: 505 to 557 Gygiod from 1960 to 2003) which agrees very wellwttiose from the
mostly Cape Grim-based trend over the same pesiedyell as the AFEAS data when including emissiamorted from
1934 onwards.

4.3 An interhemispheric gradient case study from CARIBIC

Most industrialised countries are located in therthlern Hemisphere, which is why trace gases of quradantly
anthropogenic origin are known to show interhemgsjghgradients (e.g. Carpenter and Reimann eR@l4). The results
from interhemispheric flights by the CARIBIC Obsetery are shown in Figure 5. Even though we firghsly higher
mixing ratios in the Northern Hemisphere, the geatliwith latitude is neither significant for CFC4Lhor for CFC-114a
(within the 16 measurement uncertainty, i.e. 1.2 % on averagbdtr gases; compared to gradients of 0.8 % anéolfdr
CFC-114 and -114a respectively when looking atveméability of the atmospheric mixing ratios avesdgover both flights).
This is consistent with the Cape Grim data thatsti@mt global emissions of both of these gases legely ceased. As our
GC-MS analyses revealed no exceptionally high ngixatios of many other trace gases (e.g. CFC-1136%, HCFC-142b,
HFC-134a), we conclude that the sampled air massesrepresentative of well mixed mid and upper dspheric

background air during February 2015.
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4.4 Tropospheric samplesfrom Taiwan

Figure 6 shows the results of our measurement®ibf isomers on samples collected during a fieldpagn in southern
Taiwan in 2015 (Hengchun site, 22\l 120.7PE, 7 m asl, similar to the 2013 campaign reporte&/blimer et al., 2015).
The observed air masses mostly reached the samgii@girom China and the Korean Peninsula with mgmiicant
influence from Taiwanese industrial regions. Inséirgly, we find up to 17% higher mixing ratios 6FC-114a when
comparing with average mixing ratios observed apeCé&rim between 2012 and 2014. Even samples thaw sto
significantly elevated mixing ratios for severahet trace gases that are known to have contintingg East Asian sources
(e.g. HCFC-141b, HFC-227ea) exhibited CFC-114amgixatio more than 2% higher than at Cape Grincolmtrast mixing
ratios of CFC-114 are not enhanced significantipalghout the campaign confirming that the regicsmlrce of CFC-114a
is not due to the emission of an isomeric mixture.

HFC-134a during this campaign showed mixing ratilmse to background (6 samples between 84 and §&ppwell as
enhancements of up to 132 ppt. However, when cangp&@FC-114a and HFC-134a we find no significanreiation (R

< 0.1), implying that either i) most of the regibi#-C-134a emissions originate from production patys 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@F6-115 (between 5 and 10 % above background)Gid-113a
(between 90 and 200 %) in the 4 samples with tighdst CFC-114a mixing ratios; with both these commpis being
involved in the same HFC-134a production procesBefer CFC-113 is isomerised to form CFC-113a, whiclhen
fluorinated to produce CFC-114a, followed by hydroglysis to HFC-134a, CFC-115 being a small by-pobvas a result
of overfluorination, Banks et al., 1994). In addlitiwe cannot rule out the possibility of a new ¢rmgeCFC-114a emissions

as the Taiwan samples were collected after theoEndr current Cape Grim record.

5 Conclusions

These tropospheric observations provide, for tret fime, long-term trends and emissions of boticA4 and CFC-114a.
Based on firn air reconstructions from two Antardites, both isomers had very low atmospheric dances (< 0.3 ppt)
before 1960, which is in agreement with an eadiady that reported CFC-114 with an undeterminadtion of CFC-114a
and was based on a different firn drilling siteugBck et al., 2002). We demonstrate the impadhefMontreal Protocol
regulations, which banned consumption in develogmehtries from 1996 (UNEP, 2014) and this is prdypale driver of

the stabilisation of the global atmospheric mixmatjos of both CFCs. We estimate global cumulagimgssions of 514 Gg
(range: 415 to 617 Gg) of CFC-114 and 39 Gg (327d>g) of CFC-114a up until 2014, which is largebnsistent with

industry estimates (AFEAS, 2009); except for tiginig of the early emissions and the remainder inkbafter 2003. When
using the published Global Warming Potentials (GYWMH<CFC-114 (GWP-100: 8,590, Hodnebrog et al.,30dnd CFC-

114a (GWP-100: 6,510, Davis et al., 2016), we dateuthat these cumulative emissions are equivatettie emission of
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4.67 billion tonnes of C® As a result of its higher GWP and its higher alante CFC-114 is the dominant contributor
(94.5 %) to these Cequivalent emissions.

We also find that significant global atmosphericigsions of 1.8 Gg/year (CFC-114, range: 1.0 to@g/year) and 0.25
Gglyear (CFC-114a, range: 0.18 to 0.32 Gg/yeanigted until at least 2014, highlighting the needdontinued efforts to
ensure that these substances eventually disappeaittie atmosphere. Further observations are atpared to understand
the origin of those emissions, especially in thstEssian 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 uthdetreaty.

Importantly, CFC-114 and CFC-114a were not alwaypmduced or co-emitted. This results in time-chef@nt changes in
the ratio of the isomers in atmospheric samplesisTthe use of a simple time-invariant correction%) as assumed in
recent assessments of climate change and ozonetidaple.g. Myhre et al., 2013, Carpenter and Remmgt al., 2014) is
not correct when discussing their abundance chamgerstime and their impacts on ozone depletion raliative forcing.
Finally, given the differences in trends and enoissiwe recommend that the two isomers should bertexp separately in
the future, or that time-dependent speciation factsuch as presented here, should be used to xiippte global
concentrations of CFC-114 and CFC-114a.
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Figure 1: Mixing ratios of CFC-114 and CFC-114a as measunegiti samples collected at Cape Grim, Australiavben
1978 and 2014 (diamonds) and derived from two Ai@firn air profiles (lines). Uncertainties aresIstandard deviations
for Cape Grim data and a combination of the forarat a firn modelling uncertainty for the latter@am as dashed lines,

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

5 using the equation for combining errors in quotent
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Figure 3: Global emissions of CFC-114 and CFC-114a derivechfCape Grim observations (solid lines) with uteieties
represented by dashed lines. The dotted linesseptemissions derived purely from firn air data.
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Figure 4: Atmospheric observation-based emissions of the sU@FC-114 and CFC-114a (black line with blackhaats
lines representing uncertainty ranges) in comparisgh “bottom-up” emissions from the AFEAS inventoThe dotted
blue line are emissions purely derived from firn @bservations while the dashed blue line resuttsxfmatching the firn-
based emissions to the Cape Grim-based emissiondrét 1978 while not leaving the uncertainty ramgehe firn-based

mixing ratios from Figure 1.
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Figure 6: Mixing ratios of CFC-114 and CFC-114a from samptedlected during a ground-based campaign near
Hengchun, Taiwan in early 2015 (diamonds) compéoadixing ratios observed at Cape Grim averageoh 2012 to 2014

(lines). Uncertainties (error bars and dashed )ines - standard deviations.
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