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Abstract. Based on observations of three chlorofluorocarbons, CFEHl8rotrifluoromethane), CFC-114 (dichlorotetrafluo-
roethane) and CFC-115 (chloropentafluoroethane) in athesgpand firn samples, we reconstruct records of their spperic
histories spanning nearly eight decades. These compousr@gsmeasured in polar firn air samples, in ambient air ardhive
canisters, and in-situ at the AGAGE (Advanced Global Atnihesjt Gases Experiment) network and affiliated sites. Globa
5 emissions to the atmosphere are derived from these obsgryaising an inversion based on a 12-box atmospheric tansp
model. For CFC-13, we provide the first comprehensive glabalysis. This compound increased monotonically fromrigs fi
appearance in the atmosphere in the late 1950s to a mean glmbalance of 3.18 ppt (dry air mole fraction in parts-per-
trillion, pmol mol~1) in 2016. Its growth rate has decreased since the mid 19&0ssuemained at a surprisingly high level
of 0.02 ppt yr! since the late 2000s. CFC-114 increased from its appeanarice 1950s to a maximum of 16.6 ppt in the
10 early 2000s, and has since slightly declined to 16.3 ppt t62CFC-115 increased monotonically from its first appeegan
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in the 1960s and reached a global mean mole fraction of 8.6l@E@H16. Growth rates of all three compounds over the past
years are significantly larger than would be expected fror eenissions. Under the assumption of unaltered lifetinmes a
atmospheric transport patterns, we derive global emisdiamm our measurements, which have remained unexpectigdy h
in recent years: Mean yearly emissions for the last deca@@7(2016) of CFC-13 are at 0.48.15 kt yr! (>15% of past
peak emissions), of CFC-114 at 1.90.84 kt yr-! (~10% of peak emissions), and of CFC-115 at 0(48D50 kt yr-! (>5%

of peak emissions). Mean yearly emissions of CFC-115 fo#20016 are 1.080.50 kt yr ! and have more than doubled
compared to 2009. Cumulative global emissions for CFC-1drived from observations through 2016 exceed the global cu-
mulative production derived from reported inventory dayackil0% while those for CFC-115 agree well. We find CFC-13
emissions from aluminum smelters and impurities of CFC-hlthe refrigerant HFC-125 (CHIEFR;) but if extrapolated to
global emissions neither of them can account for the limgegiobal emissions determined from the atmospheric obiens.

We also conduct regional inversions for the years 2012—26YltBe north-east Asian area using observations from thed
Gosan AGAGE site and find significant emissions for CFC-118l@RC-115, suggesting that a large fraction of their global
emissions currently occur in north-eastern Asia and moeeigpally on the Chinese mainland.

1 Introduction

Chlorofluorocarbons (CFCs) are very stable man-made contgsoknown to destroy stratospheric ozone. For this reason
they were regulated for phase-out under the Montreal Pobtme Substances that Deplete the Ozone Layer, and its sub-
sequent amendments. The ban has been effective since thef 4985 for developed countries and the end of 2010 for
developing countries. The ban is put on production for eirgssse and does not cover production for feedstock, or recy-
cling of used CFCs for recharging of old equipment, the tdtiging applied particularly in the refrigeration sectorhl¥
the dominant CFCs in the atmosphere are CFC-12 {EJ| CFC-11 (CC}F), and CFC-113 (€Cl5Fs3), this article reports
on CFC-13 (chlorotrifluoromethane, CGI): CFC-114, here defined as the combined isomers 1,2-datkkoafluoroethane
(CCIR,CCIR;, CFC-114, CAS 76-14-2) and 1,1-dichlorotetrafluoroeti@@l, FCF;, CFC-114a, CAS 374-07-2), and CFC-
115 (chloropentafluoroethane; CiF5). The compounds were mainly used in specialized refrigeraihence their abundances
in the atmosphere are considerably smaller than those dlithe major CFCs. However, their atmospheric lifetimessage
nificantly longer (see Table 1 for climate metrics). Ozonpléon potentials (ODPs) for the three compounds are high a
their radiative efficiencies are high, thereby yieldingthgdobal warming potentials (GWPs), with that for CFC-13 908,
GWP-100yr) only surpassed by very few other greenhousesgase

Removal of these CFCs from the atmosphere occurs predotiyimaithe stratosphere through ultraviolet (UV) photolysi
and reaction with excited atomic oxygen {DJ]), and to a lesser extent by Lymanphotolysis in the mesosphere. The at-
mospheric lifetime for CFC-13 of 640 yr used in the preseutgtis based on a study by Ravishankara et al. (1993) and is
dominated (80%) by the removal through reaction with[@)( see Table 1. The lifetimes for CFC-114 and CFC-115 have re
cently been revised as part of the SPARC (Stratospheredpimere Processes And their Role in Climate) lifetimessassent
(SPARC, 2013). In that study the lifetime of CFC-114 has begorted as 189 yr (153-247 yr) with 72% of the loss from
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UV-photolysis and 28% from reaction with &%) (Burkholder and Mellouki, 2013). For CFC-115 the lifeirhas been signif-
icantly reduced from 1700 yr in earlier studies (Ravishaala al., 1993) to 540 yr (404-813 yr) (SPARC, 2013) mainlg du
to significantly revised OD) kinetics (Baasandorj et al., 2013). This revised lifegigives 37% of the loss derived from UV-
photolysis and 63% from reaction with &) and a minor contribution from Lymaa-photolysis (Burkholder and Mellouki,
2013).

CFC-13 and its R-503 blend with 40% by mass of HFC-23 (gHfave been used as special-application low-temperature
refrigerants (Calm and Hourahan, 2011; IPCC/TEAP, 2005simall enhancements in CFC-13 were also found in the emis-
sions from aluminum plants (Penkett et al., 1981; Harnid&97). CFC-13 could also be present as an impurity in CFC-12
(CClyF5) due to over-fluorination during production.

Reports on atmospheric CFC-13 in peer-reviewed artickeszae. Early measurements were reported on by Rasmussé&halild
(1980), Penkett et al. (1981) and Fabian et al. (1981), whasoned a first atmospheric vertical profile of this compo@ieC-

13 measurements were made by Oram (1999) in the samples 8btithern Hemisphere Cape Grim Air Archive (CGAA)
covering 1978 — 1995. He found increasing mole fractionmftio2 pptv (therein reported in parts-per-trillion by voleyin
1978 to 3.5 pptv in 1995. Emissions deduced for this peri@kee in 1987 at 3.6 kt yr'. Culbertson et al. (2004) published
long records of CFC-13 measurements in background air ftatioas in the USA and Antarctica. For their longest record
from Cape Meares (Oregon, USA), they reported on a nearaoingrowth of CFC-13 for the earlier part of the record with
the tropospheric abundance leveling off in the late 199635 pptv.

CFC-114 was used as refrigerant, blowing agent, and aepospkllant (Fisher and Midgley, 1993; IPCC/TEAP, 2005).
CFC-114 is listed as a refrigerant in blends R-400 with CROfl various proportions, and in R-506 with 55% by mass
HCFC-31 (CHCIF) (Calm and Hourahan, 2011; IPCC/TEAP, 2005). It was aked unblended in specialized refrigeration
e.g. in U.S. naval equipment from where it was phased outtbeecourse of several decades following the Montreal Pobtoc
ban (Toms et al., 2004; IPCC/TEAP, 2005). Uranium isotofigséin is a process that, at least in the past, involved fagmit
amounts of CFC-114 for cooling, but now PFCs are used as ditstidg|IPCC/TEAP, 2005).

Some of the first CFC-114 measurements were conducted at sitba in the 1970s by Singh et al. (1977) who reported ele-
vated mole fraction up to 170 ppt (parts-per-trillion orgricol mol=1). Measurements in background air followed (Singh et al.,
1979) and a transect across the equator in 1981 showed d gloleafraction of 14 ppt (Singh et al., 1983). In the early 298
Fabian et al. (1981, 1985) measured vertical profiles of CQE€in the atmosphere and found a decreasing mole fractiom fr
10.5 pptv at 10 km to 2.7 pptv at 35 km. Hov et al. (1984) meab@EC-114 of 10.9 ppt in samples collected from Spits-
bergen in spring 1983. Schauffler et al. (1993) reported oasmmrements of CFC-114 near the tropical tropopause and also
Chen et al. (1994) measured vertical profiles and a first ryelir record in both hemispheres showing increases of CIAC-1
at Hokkaido from 10 pptv in 1986 to 15 pptv in 1993, and a firstigation of a slow-down of the atmospheric growth. This
was also the first group that separated CFC-114 from CFC:1van (1999) also separated the two isomers and measured
records from the CGAA covering 1978 — 1995 showing incre&sas 8.5 pptv to 16.5 pptv for CFC-114 and from 0.55 pptv
to 1.75 pptv for CFC-114a. These results showed for the iiing &n increasing ratio of CFC-114a/CFC-114 in the atmosphe
pointing to a variable ratio of their emissions over timeeTinst high-frequency measurements of CFC-114 from Cape Gri
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for 1998 and 1999 showed an abundance of 16.7 ppt, no pailatients in the footprint of the station and no detectabledtre
(Sturrock et al., 2001). A first atmospheric long-term relooff CFC-114 was published by Sturrock et al. (2002) basedon fi

air measurements from Antarctica and using the CGAA recaamch fOram (1999), revealing an onset of growth of this com-
pound in the atmosphere in the early 1960s. Martinerie ¢2809) modeled atmospheric CFC-114 records based on severa
firn air profiles and found a much earlier atmospheric appearand larger abundances up to approximately 1980 compared
to Sturrock et al. (2002). In a recent study, Laube et al. §204constructed atmospheric CFC-114 and CFC-114a tastofi
abundances and emissions based on CGAA and firn air measurermbe study confirmed the temporally variable ratio of
the two isomer abundances, which translate into a CFC-CH2/114 emission ratio that increased sharply in the e290&

but gradually declined since then.

CFC-115was used as refrigerant R-115 and occurred alsermi®R-502 with 49% by mass HCFC-22 (CHg)Iand R-504
with 48% by mass HFC-32 (CHf;) (Calm and Hourahan, 2011; IPCC/TEAP, 2005; Fisher and Midd 993). It has also
been used as an aerosol propellant, and to a minor extentelsetdc fluid (Fisher and Midgley, 1993). First measuremsef
CFC-115 were made by Penkett et al. (1981) and Fabian et¥1jlvho reported on an atmospheric vertical profile. These
were later complemented by more vertical atmospheric pofiPollock et al., 1992; Schauffler et al., 1993; Fabian.et al
1996). Later temporal records of ground-based measurarhased on flask samples were published by Oram (1999) for the
CGAA and Culbertson et al. (2004) for both hemispheres.r8tlret al. (2001) reported on the first in-situ measuremeits
CFC-115 at-8 ppt for Cape Grim for 1998/1999 with a small growth-e5% yr—'. The above-mentioned firn air analysis by
Sturrock et al. (2002) produced a first long-term record o€€1A 5, and showed significantly higher abundances for tB84.9
compared with the CGAA record measured by Oram (1999). Itrasty CFC-115 reconstruction by Martinerie et al. (2009)
were much in agreement with the early results from the CGAiré (Oram, 1999).

Here we report on measurements of CFC-13, CFC-114 (coml&p€thF, isomers), and CFC-115 from the Advanced
Global Atmospheric Gases Experiment (AGAGE) and affiliatetivorks, and from measurements in archived air samples of
the CGAA and the Northern Hemisphere. We further report oasuements from air samples collected from polar firn in
both hemispheres, which we interpret using a firn air moded.gach of the three compounds, all measurements are made
and reported against a single primary calibration scale.dbservations are used with the AGAGE 12-box model and two
inversion systems to derive global emissions. We furthphyagn inversion system to estimate regional emissions @-CE5
from north-eastern Asia for the years 2012 — 2016. For CFQHISis the first comprehensive study available on atmasphe
abundances and emissions.

2 Methods
2.1 Stations and Data Records for in Situ and Flask Measurenms

The present study includes in situ measurements at therstaif the AGAGE (Advanced Global Atmospheric Gases Experi-
ment, URL: https://www.agage.mit.edu) and its affiliatedworks (Fig. 1). Measurements reported here are mostlythais
Medusa gas chromatography mass spectrometry (GCMS) tpats{Miller et al., 2008). In Europe, measurements are made
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at Zeppelin (Ny Alesund, Spitsbergen), Mace Head (Irelahuhgfraujoch (Switzerland), and Monte Cimone (ltaly} Etter
being equipped with different instrumentation (Maionelet2013). Measurements are further conducted at TrinidaddH
(California, USA), Ragged Point (Barbados), Cape MatatAlaerican Samoa) and Cape Grim (Tasmania, Australia). The
East Asian region is covered by stations at Gosan (JejudslBouth Korea) and Shangdianzi (China). In addition toehes
in-situ measurements, we also include measurements oflsaumglected weekly since 2007 at the South Korean Antarcti
station King Sejong, King George Island (South Shetlanahid$) and analyzed at the Swiss Federal Laboratories fae-Mat
rials Science and Technology (Empa) using Medusa-GCMSitdogies (Vollmer et al., 2011). We also provide a quakiti
description of measurements in urban areas from Tacolmé&eat Britain, 100 km northeast of London), Dubendort{ou
skirts of Zurich, Switzerland), La Jolla (outskirts of Saref§o, USA), and Aspendale (outskirts of Melbourne, AugtjalAt

a few AGAGE stations, measurements of CFC-114 and CFC-11& previously made with different GCMS instrumentation
(Adsorption-Desorption-System, Simmonds et al. (1995)yever the precisions and standards propagations of daebe
measurements are significantly poorer than those using $4e@&CMS technology and hence these results are not incinded
the present analysis.

Most of the AGAGE network observations for the three CFCspaitdished here for the first time in a journal article. How-
ever some of the measurements have been previously usedire@ssessment Reports (e.g. Carpenter and Reimann, 2014),
in modeling studies to derive global emissions (Rigby et2d114), and for Cape Grim, were reported in Baseline setaesrsy
1997-1998issue. For CFC-114 and CFC-115 the data arelaead@ectly from the AGAGE website (https://agage.mitufd
and data repositories mentioned therein.

2.2 Archived Air

Our analysis includes the results from Medusa-GCMS measmts of Cape Grim Air Archive (CGAA) samples collected
for archival purposes since 1978 at the Cape Grim Baselin®@lution Station (Fig. 1). The CGAA includes100 samples
mostly collected into 34 L internally electropolished stass steel canisters using cryogenic sampling techniguaser et al.,
1991; Langenfelds et al., 1996, 2014; Fraser et al., 2016xtMamples were analyzed on the Medusa-9 instrument in 2006
at CSIRO (Aspendale, Australia) using Medusa-GCMS tedmolvith a Medusa-standard PoraBOND Q chromatography
column (Miller et al., 2008). In 2011 many samples were rabared and newly-added samples were analyzed for CFC-13
and CFC-114 on the same instrument but fitted with a GasPan@tography column (lvy et al., 2012). In 2016 all three
compounds discussed here were reanalyzed and newly-addgies were analyzed on the same instrument fitted with a
GasPro column and an additional GasPro pre-column (Volehal., 2016). All samples collected since 2004 are alsoyaedl
on the Cape Grim based Medusa-3 instrument. A comparisdreddifferent analysis sets is provided in the Supplement and
shows good agreement indicating stability of the three GR@se internally electropolished canisters. For the preanalysis
we use the mean of the measured mole fractions from thesedhedysis sets.

Archived air samples from the Northern Hemisphere (NH) dse ancluded in this study. Thesel00 samples were col-
lected at various sites and cover the period 1973 to preShatmajority of the samples were provided by Scripps |ntstitu
of Oceanography (S10) and collected at La Jolla and at Taihidead (California, USA). All samples were analyzed at SO o
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Medusa-1. These NH archive air samples were not exclusbadlgcted for archival purposes, and potentially incluskesples
collected during non-background conditions (influenceeinjssion sources) or with non-conservative sampling tigcies.
Consequently a rigorous data processing was necessaryitdhe record to results deemed representative of broad-atm
spheric regions far from emission sources (hereafter tefimeckground”). In particular, the earlier record of CFC4lproved
not useful for the present analysis because there were tog ammalous sample measurement results. Numericalsdsult
the NH and the CGAA measurements are given in the Supplement.

2.3 Air entrapped in Firn

Our data sets are complemented by measurements of the th@ei€air entrapped in firn from samples collected in Antarc-
tica and Greenland (Fig. 1). The Antarctic samples weresctdld in 1997-1998 at the DSSW20K site (665,7112.35E,
1200 masl,~20 km west of the deep DSS drill site near the summit of Law DoEeest Antarctica (Trudinger et al., 2002;
Sturrock et al., 2002)), and one deep sample originatestinerBouth Pole in 2001 (Butler et al., 2001). The Greenlandhfir
samples used in the present analysis were collected neaotthevest Greenland ice drill site NEEM (North Greenlandizmn

Ice Drilling) at 77.48N, 51.06W, 2484 m.a.s.l.) in 2008 (NEEM-2008, EU hole, Buizert e{(2012)). Due to the remote lo-
cations of these sites, these samples are considered asepfative of background air. More details on these sanapl@®n
their analysis are described by Vollmer et al. (2016) andlifger et al. (2016). Results for CFC-114 and CFC-115 froen th
DSSW20K firn air profile based on older measurement techiesaand interpreted with an old version of the CSIRO firn
diffusion model were previously reported by Sturrock e{2002) and are compared to our measurements in the Supgdlemen

2.4 Measurement Techniques and Instrument Calibration

Almost all measurements reported here are conducted wittub#e GCMS instruments (Miller et al., 2008). Typically asa

ple is preconcentrated on a first cold trap filled with HaySepnd held at-—160°C before it is cryofocussed onto a second
trap at similar temperature and in this process, remnartgyafen and nitrogen and significant fractions of carbonidiexnd
some noble gases are removed. The sample is then injectedhenthromatographic column (CP-PoraBOND Q, 0.32 mm
ID x 25 m, 5um, Varian Chrompack, batch-made for AGAGE applicationsthef GC (Agilent 6890), purged with helium
(grade 6.0), which is further purified using a getter (HP2CNIUSA). The sample is then detected in the quadrupole mass
spectrometer in selected ion mode (initially Agilent mosi@¥ 3 with upgrades to model 5975 over time for most stations)

In the Medusa-GCMS, technology separation of the CFC-11IRECCIFR,) isomer from CFC-114a (CEFCR;) is not
possible hence the measurements include the cumulativelabaes of the two compounds. Throughout this paper we ase th
term “CFC-114" for the combined measurement of the two is@m@ur inability to separate the two isomers can potegtiall
lead to biases compared to the numeric sum of their indivicheasurements due to a combination of two facts; one beatg th
the ratio of the two isomers is likely to vary both in the maasusamples (Laube et al., 2016) and in the reference mlateria
used to propagate the primary calibration scales and ther diking that the molar responses of the mass spectrometer ar
potentially different for the two isomers. We estimate a imaxn potential bias, which increases fren®.3% for our modern
record (2004—present) to3.1% for the oldest samples in our archived air records (sp@l8ment).
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For each of the three CFCs at least two fragments are routineasured. While a target ion is used for the quantification
of the peak size, the qualifying ions are mainly used for iguabntrol by assessing the peak size ratio to the targetst
importantly to check for potential coelution with composnahich share the target ion. CFC-13 is measured with thetarg
ion C**CIF] (with a mass/chargeywz, 85) and the qualifying ions CF(m/z 69) and G"CIF; (m/z87). On the PoraBOND
Q column this compound elutes near HFC-32 and precedesestharn2 sec. CFC-114 is measured with the target ion
CR,C*CIF] (m/z135), and the target ions GE*"CIF; (m/z 137) and G°CIF] (m/z 85). It elutes a few seconds after H-
1211 (CBrCIR) and co-elutes with n-butane. CFC-115 is measured withafget ion CECF,; (m/z 119) and the qualifying
ions CRC* CIF] (m/z 135) and CEC3"CIF; (m/z 137). It elutes~12 sec after HFC-125 (CHEF;) and~15 sec before
HFC-134a (CHFCF;). Some of the instruments are set to only acquire two frageieistead of three and for some, the
sequences of target and qualifying ions are different froenabove-mentioned orders.

CFC-114 measurements in strongly polluted air samplesmagé stations (mainly urban) have shown an analytical interfe
ence, which is believed to suppress the MS response to tgitgsmpresent in the sample. Although not fully understdbe
interference is suspected to derive from large amountshaftane, which co-elutes with CFC-114. A decrease of 0.20sppt
estimated for CFC-114 for an increase of 1.0 ppb (partshpésn, nmol mol~1) of n-butane. The measurements of CFC-114
used in the present analysis derive from air samples noffisigmtly polluted with n-butane where the suppressionatfie
estimated to be smaller than the precision of the measureiMere information is provided in the Supplement.

The sample preparation and analysis time is 60—65 min. Edntlitu measurements samples are directed onto the dipst tr
by means of a small membrane pump from a continuously-flusaawpling line. In general, each air sample measurement
is bracketed by measurements of a quaternary working stanbat allows tracking and correction of the MS sensitivity
change. The quaternary standards are whole-air samplgsressed to 65 bar into 34 L internally electropolished &am
steel canisters (Essex Industries, Missouri, USA). Thesecallected by the individual groups within AGAGE at varsou
sites during relatively clean air conditions using modif@dless diving compressors (Rix Industries, USA) or crgoig
techniques. The repeated quaternary standard measuseanenised to determine the measurement precisions. Foll@FC-
they are~1.5% (10) for the Agilent 5973 MSs and 1% for the newer Agilent 5975 MSs. For CFC-114 the precisiange
0.2% — 0.3% and for CFC-115 0.4% — 0.8%, also showing someowepnents with the change to the Agilent 5975 MSs.

As part of the network’s calibration scheme and to assegsof@ntial drift of the compounds in the canisters, the quiatey
standards are compared once a week on-site against testéargards. These are provided by the central calibratidlitya
at SIO and are also whole-air standards in Essex canistksd €ihder clean air conditions at Trinidad Head or La Jolla
(California, USA). These tertiary standards are measur8&tdagainst secondary whole air standards before theyhgrped
to the sites and again after their return at the end of theigeisimes. They are also measured on-site against the pseal
next tertiaries. The secondary standards and the synfire@tiary standards at SIO provide the core of the AGAGE catibn
scheme (Prinn et al., 2000; Miller et al., 2008).
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2.5 Calibration Scales

AGAGE has been measuring CFC-13 for many years but so farefdhese data have been published. This was, among other
reasons, due to the use of a primary calibration scale, whashnot well defined as it was based on a dilution of a commlercia
reference gas. The present study prompted the creationrohany calibration scale for CFC-13 in the ppt range by theésSw
Federal Institute of Metrology, METAS (Guillevic et al., preparation). A suite of eleven primary standards was ecdeat
using a technique that combines permeation tube substassealétermination by a magnetic suspension balance, dgnami
dilution through mass flow controllers, and cryogenic adlen in containers. These standards covered a range 3.pptl.
Comparison between assigned mole fractions and measuegidgenole fractions against one of these primary starslard
revealed an internal consistency of this METAS-2017 catibn scale of 0.6%. AGAGE adopted this calibration scatkalh
CFC-13 results reported here are on METAS-2017. It replacerhterim calibration scheme, which was based on a diluted,
commercially obtained (Linde) high-concentration stadgand for which a conversion factor of 1.05 was determined.

Measurements of CFC-114 and CFC-115 are reported on th@Si®imary calibration scales. They are defined through
gravimetric preparations of 13 synthetic primary standatdambient mole-fraction levels prepared at SIO in 200 (Rgt al.,
2000). They cover mole fraction ranges of 16—20 ppt for CAR@-and 8-10 ppt for CFC-115. Internal consistencies for
these sets of standards of 0.14% for CFC-114 and 0.47% forT5Gnere estimated based on their relative results from
intercomparative measurements and their assigned eetatile fractions. Accuracies are initially estimated at 3% for each
of the two CFCs and is a conservative estimate based on piesi@erience with other compounds (a strict statistieatiment
of the known uncertainties such as impurities, balance etdaMikely lead to a much smaller overall uncertainty). E&HC-
114, there is potential for a considerable bias if our resaflthe combined isomer measurements were to be compareel to t
sum of their individual measurements (Supplement). Thas i primarily caused by potentially differing molar sé¢ingies
for the two isomers, the magnitude of which we cannot easiess on our MSs (see Supplement). Throughout this paper
we report all our own measurements as dry air mole fractiohggnce fraction) in ppt on these METAS and SIO calibration
scales.

In some earlier articles (in particular Sturrock et al. (208002)), CFC-114 and CFC-115 measurements were published
calibration scales that were based on diluted, commeya@aliained (Linde) high-concentration standards and wefegned to
as “UB” or “SIO-interim” calibration scales. A later revisi resulted in a renaming of these calibration scales to BB+for
measurements conducted at CSIRO and Cape Grim. After tatameof the SIO-05 primary calibration scales, SIO-05/UB-
98B conversion factors of 0.9565 for CFC-114 and 1.0177 #6€c.15 were determined, with which UB-98B-based results
need to be multiplied to determine their mole fraction on$h@-05 calibration scales.

A comparison between the SIO-05 primary calibration scateCFC-114 and that of the University of East Anglia (UEA)
UEA-2014 (Laube et al., 2016) is of limited value and notigtnaforward because in Medusa-GCMS measurements the two
isomers are not chromatographically separated. A detdigmuission on this is given in the Supplement with an intengari-
son of the CGAA results measured on both calibration sc@tesresult of this separate analysis suggests that for nedem
(starting about mid-1990s) mole fractiors]6 ppt) numerically summed CFC-114 and CFC-114a mole trastieported on
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the UEA-2014 calibration scales can be converted to SICepbnted combined CFC-114 isomer results by multiplicatibn
1.025.

2.6 Uncertainty Assessment for Reported Measurements

To derive accuracies for the reported measurements we oerttiriee independent uncertainties: uncertainties ofdlileration
scales mentioned in the previous subsection, a propagaiertainty, and the instrumental precision of the meaksaenple,

as listed in subsection 2.4. The propagation uncertaidéese from the hierarchical sequence of standards usewpapate
assigned mole fraction in the primary standards to the goatg standards on-site, by assuming measurement untersai
for each of the steps, i.e. the secondary and tertiary stdadgor this step the measurement precisions are assumedirtie

as those of the quaternary standards on site. For CFC-11ddvard‘interference uncertainty”, which is based on the figdi

of a potentially suppressed MS signal in the presence oftareu(see Supplement). We estimate a maximum depletion of
CFC-114 of 0.6 % in the presence of 0.5 ppb n-butane (which emsider an upper limit in unpolluted air) and add this
value as an independent uncertainty. As mentioned eaaiet (iscussed in the Supplement) there is a potential biaarof
combined isomer measurement compared to the sum of indiMslhmer measurements. However, because differentiatidn
thus quantification of the bias are not possible for us, ibisimcluded in our uncertainty estimates. The resultingeutainties
(10) for the three compounds are then 3.7% for CFC-13, 3.1% f@-CE4, and 3.2% for CFC-115. They are dominated by the
calibration scale uncertainties. For direct comparisdrsamples reported on the same calibration scale, the atibirscale
uncertainties do not apply and the remaining uncertaiatiesnuch smaller (2.2%, 0.7%, and 1.2% for the three compund
respectively).

2.7 Bottom-Up Inventory-Based and Other Emissions Estimads

Here we refer to bottom-up emissions as those derived framraédated to production, distribution and usage of these-co
pounds. For the CFCs discussed here such estimates havderabte uncertainties because of the large fraction oethe
CFCs installed in long-lasting equipment (banks) with eaclleakage rates. Nevertheless bottom-up emission ¢straee
useful for us as prior for our model analysis and to compatke wir top-down observation-based results.

While bottom-up emissions are not available for CFC-13y thiere published for CFC-114 and CFC-115 from the refrig-
eration sector by Fisher and Midgley (1993). A more compnshe set of emissions estimates for these two compounds was
released by AFEAS (Alternative Fluorocarbon EnvironmeAtzeptability Study) for 1934-2003. For CFC-114, theywho
an early onset of emissions in the 1930s with significantisd quantities in the late 1940s7 kt yr—!) and peak emissions
(~18 kt yr—1) in 1986/1987. Extrapolation of the AFEAS data, as in Daaied Velders (2007), shows emissions<d.1 kt
yr~1in the last few years and a remaining bank of 0.16 kt in 2016a®imilar basis, AFEAS CFC-115 bottom-up emissions
started only in the mid 1960s and peaked in the early 199084 akt yr—! before declining to<0.1 kt yr—! from 2008 leaving
a remaining bank 0£:0.01 kt yr-! in 2016. Destruction of these two CFCs is considered infignit in the AFEAS analysis
hence the cumulative production matches the cumulativesoms. Some of these data were used in the Ozone Assessment
Report 2006 to produce emission scenarios for 1930-2100i¢Dand Velders, 2007). Analogously, the AFEAS emission
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inventory for CFC-115 was also expanded into a scenaridaita CFC-114, but these results were not graphically priese

in the Assessment Report. To facilitate public access th tiee AFEAS original numerical data and those expanded in the
Assessment Report (“expanded AFEAS data”), we providestirethe Supplement, along with a description of how they were
derived. These data are used in the present analysis as fmidhe two global inversions.

We also compare our results with the data set derived by ¥&hkted Daniel (2014), who reconstructed production, banks,
and emissions for CFC-114 and CFC-115, with projectiorgstim future. Their reconstruction is a mix of bottom-up imigry-
based and top-down observation based data. The earlier gfattieir records are largely based on the AFEAS results and
therefore do not provide significant additional informatidhose from 1979-2008 are based on atmospheric obsersatio
Their CFC-114 emissions after 2008 are based on a bank offb5 ttat year. This bank was derived as a remnant of a 60 kt
bank for 1960, which was 'back’-extrapolated from emissibased on atmospheric observations and using a yearlyiemiss
factor (Daniel and Velders (2011), pers. comm. Velders 2080r CFC-115 Velders and Daniel (2014) derived a bank d 15.
kt from R-502 for 2008 (UNEP/TEAP (2009) and unpublishedijlathe Velders and Daniel (2014) bank and emissions after
2008 are significantly larger than those from AFEAS for baimpounds.

2.8 Firn Model, Global Transport Model, and Inversions

Similar to the study by Vollmer et al. (2016) for halons, thhegent analysis uses a firn air model to characterize thefage o
CFCs in the firn air samples (Trudinger et al., 2016), the AGAR-box model to relate atmospheric mole fractions to serfa
emissions (Rigby et al., 2013), two inversion approachestionate hemispheric emissions, and a Lagrangian transjoaiel
to study regional emissions of CFC-115 in north-eastera Asi

2.8.1 Firn Model

The firn model used here was developed at CSIRO by Trudinggr €t997) and updated by Trudinger et al. (2013). It has
previously been used for firn air measurement reconstmgtbother greenhouse gases (Trudinger et al., 2002; Stuetaal.,

2002; Trudinger et al., 2016; Vollmer et al., 2016). Phylsmacesses in the firn, foremost vertical diffusion, cause air
samples to represent age spectra rather than an indiviceaéte age as is found in e.g. tank samples like the CGAAeBse
functions are used to relate the measured mole fractiorfsettirne-range of the corresponding atmospheric mole trasti

The update to the firn model described in Trudinger et al. 82@icluded a process that had previously been neglected by
Trudinger et al. (1997). This process was the upward flowrafaé to compression of the pore space as new snow accumulates
above, and it appears that this process is important. Asisigel in Trudinger et al. (2013), including it in the modehosed

a discrepancy between DSSW20K firn and CGAA CFC-115 that wsedrby Sturrock et al. (2002).

The diffusion coefficients used in this work for the three GK€lative to CQ in air (for a temperature of 253 K) are 0.667
for CFC-13 (using le Bas molecular volumes as described Hgiet al. (1966)), 0.495 for CFC-114 (Matsunaga et al.,3)99
and 0.532 for CFC-115 (Matsunaga et al., 1993). Measurenasntts and reconstructed firn air depth profiles are shown in
Fig. 2. These modeled depth profiles are not based on thewalisers at the individual sites, but rather correspond & th
optimized emissions history obtained using measurements ll firn sites as well as the atmospheric measurementsinse
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this study. While CFC-114 was present in all samples of theetlsites, CFC-13 was absent within the detection limithén t
South Pole sample and in one of the deepest duplicate saatpESSW20K. CFC-115 was also absent in two of the three
deepest DSSW20K duplicate samples.

2.8.2 AGAGE 12-box Model

The AGAGE box model was originally created by Cunnold etE83) and has since been rewritten and modified (Cunnold, et al
1994, 1997; Rigby et al., 2013; Vollmer et al., 2016). In thierent version of the model, the atmosphere is divided iato f
zonal bands, separated at the equator and at théaB@udes thereby creating boxes of similar air masseseBate also
separated at altitudes represented by 500 hPa and 200 hEal tvemsport parameters, and stratospheric photolysgvary
seasonally and repeat interannually (Rigby et al., 201®)tlke CFCs analyzed here, loss in the atmosphere is dordibgite
photolytic destruction in the stratosphere. Here our Ist@tospheric loss rates are tuned to reflect the currehebgsates

of the global lifetimes of these compounds from SPARC (2@E33hown in Table 1.

Monthly transport parameters in the 12-box model were tunedatch the simulation of a uniformly distributed passive
tracer in the Model for Ozone and Related Tracers (MOZARTiems et al. (2010)), using Modern-Era Retrospective Analy-
sis for Research and Application (MERRA) meteorology faryear 2000 (Rienecker et al., 2011). These transport paeasne
were repeated each year in our simulations. Whilst inteahvariation in transport is known to impact the distribntof trace
gases in the atmosphere, time-resolved atmospheric @hgside estimates are not generally available througheuemtire
period of this investigation. Furthermore, we anticipiat tvariations in emissions dominate atmospheric treratsicplarly
over the longer (multi-annual) timescales, which are oimary focus.

2.8.3 Global Inversions

To estimate global emissions to the atmosphere we employiffezent Bayesian inverse methods (“Bristol” and “CSIRO”
Both methods use the AGAGE 12-box model to relate obseragagpheric mole fractions to surface emissions of the CFCs.
While past studies using the Bristol inversion have pritgdaargeted modern in-situ observations from the AGAGE ot
(Rigby et al., 2011; Vollmer et al., 2011; Rigby et al., 2004Doherty et al., 2014; Vollmer et al., 2015b) the inversimethod
has also been extended to include firn air observationsrii@nlet al., 2016). Green’s functions from the CSIRO firn madlel
used in both global inversions to relate the firn air measergsto atmospheric mole fraction over the appropriate tange.
The Bristol approach is based on the methods outlined inyRéglal. (2011) and extended in Rigby et al. (2014). Briefly,
this method assumes a constraint (prior) on the rate of éhahgmissions, which is adjusted using the data in a Bayesian
framework. The magnitude of the uncertainty in the priomyteayear emissions growth rate is somewhat arbitrarilysem to
be 20% of the maximum emission rate for the entire period.rimreor modification to the approach in Rigby et al. (2014), we
chose to solve for a change in absolute emissions (inkt)yrather than a scaling of the prior emissions. This apgrees
found to lead to more consistent posterior emissions uaicgytestimates between the near-zero and relatively hghstons
periods.

11
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The random component of the model-measurement mismat@rtairdies in the Bristol inversion is composed of measure-
ment and calibration scale uncertainties and those of thesgiheric and firn air models. The atmospheric model uriogyrta
is assumed to be equal to the variability of the estimateeéllaswithin each monthly mean. These uncertainties arp-pro
agated through the model to provide a posterior emissionsrtainty estimate (Rigby et al., 2014). The posterior siois
uncertainty is then augmented with a term related to thévi@lon scale uncertainty, and the uncertainty due to fiee li
time (Rigby et al., 2014). The observations that are contpaith the 12-box model in the “Bristol” inversion (see fallimg
section) are from all the firn air (firn model output) and CGA®laved air samples described here, and the monthly mean
background-filtered in-situ measurements from Mace Headidad Head, Barbados, American Samoa, and Cape Grim.

The CSIRO inversion, also combined with the 12-box model@rakn’s functions from the CSIRO firn model (Volimer et al.,
2016; Trudinger et al., 2016), was developed to focus orsggairservations from air archives, and firn air and ice corgpbss
that are associated with age spectra. The characteri$tibese data necessitate the use of regularisation andraomston
the inversion to avoid unrealistic oscillations in the nestoucted mole fractions or negative values of mole fractioemis-
sions. The CSIRO inversion therefore uses non-negativitgitaints and favors relatively small changes to annu#ésoms
in adjacent years rather than large, unrealistic fluctuatié prior emissions history based on bottom up estimatesed as
a starting point, then a non-linear constrained optinisatethod is used to find the solution that minimises a costtiom
consisting of the model-data mismatch plus the sum of thetgegear changes in emissions (Trudinger et al., 2016@. dth
servations used in the CSIRO inversion are the firn measuresmaad annual values of mole fraction from a smoothing splin
fit to measurements at Cape Grim and the CGAA, and anotheresfilito Mace Head and the NH air archive. Uncertainties
are estimated using a bootstrap method that incorporatasidaertainties and uncertainties in the firn model thrahghuse
of an ensemble of firn Green’s functions.

We use the expanded AFEAS bottom-up inventory based da@AGr114 and CFC-115 as prior in the inversions as these
were produced without any input from atmospheric obsewnati For CFC-13, emission inventories do not exist to thé bes
of our knowledge. As prior for this compound, we use the egeanCFC-115 AFEAS data, which we scale with a factor 1/7
based on an intercomparison of production estimates (ggel&uent).

2.8.4 Regional Scale Source Allocation and Atmospheric I@rsion

Pollution events of the three compounds are absent, towihtection limits, from the measurements at all AGAGE field
stations with the exception of Gosan (South Korea) and Stiangi (China). This has prompted a more detailed analyfsis o
these compounds in north-eastern Asia to locate and qugatiéntial sources. Only observations from Gosan were sisee
these are less locally influenced, and therefore less dutbjecbgridscale model errors, than those from Shangdieuch

are subject to pollution events originating in the nearbjjiBg capital region.

We calculated qualitative emission distributions by commg model-derived source sensitivities with the abovseline
observations from Gosan. A smooth statistical baselin®fitkstuhl et al., 2012) was subtracted from the observaltieta.
Surface source sensitivities were computed with the LagiaanParticle Dispersion Model (LPDM) FLEXPART (Stohl et, al
2005) driven by operational analysis/forecasts from theogean Centre for Medium-Range Weather Forecasts (ECMWF)

12
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IFS modeling system. 50 000 model particles were releagegbich 3-hourly time interval and followed backward in tinoe f
10 days. Surface source sensitivities (concentratiorpfous) were obtained by evaluating the residence timekehtodel
particles along the backward trajectories (Seibert andk;12004).

Qualitative emission distributions were then calculate@ apatially-distributed, weighted concentration avemaging the
source sensitivities as weights. This method is based ormrleedescribed by Stohl (1996) for simple air mass trajecto-
ries, but was generalized for source sensitivities andiegpb halocarbon observations previously (Stemmler ¢2807;
Vollmer et al., 2015a) The method provides a general firstrésgion of potential source locations but cannot be used to
quantify individual sources and their uncertainty (locatand length).

In addition, we applied a spatially resolved, regionalls@mission inversion, using the same FLEXPART-deriveds®u
sensitivities and the Bayesian approach described inldetdénne et al. (2016). In contrast to the above method, neBian
inversion provides a quantitative spatial distributionpofterior emissions and their uncertainties. Prior emmssivere set
proportional to the population density. The same emissiatof per person was used for the entire inversion domaiichwh
comprised most of China, North and South Korea, and the sewagtern part of Japan. This emission factor was set in such a
way that total Chinese emissions were in line with China&retof the gross world product (GWP) of approximately 15% and
the global emission estimates described in sections 324, and 3.2.6.

Parameters describing the covariance uncertainty matneee derived from a log-likelihood maximum search (Mietkadt al.,
2005; Henne et al., 2016). The prior emission uncertaiotiained from this optimization were relatively large antbainted
to 0.04, 0.4, and 0.6 kt yr* for China for CFC-13, CFC-114 and CFC-115, respectivelg (Eble 2). All analysis was done
separately for each year from 2012 to 2016. More details erafiplied method and additional results can be found in the
Supplement.

3 Results and Discussion
3.1 Atmospheric Histories and High Resolution Records

We combine our measurement results from firn air samplebjvat air in canisters, and in-situ measurements to produce
the full historic records for CFC-13, CFC-114, and CFC-1i&mning nearly eight decades (Figs. 3—-4). The modeleddscor
discussed in this section derive from the Bristol and CSIR@iisions using these observations and the AGAGE 12-boxmod
The firn air depth profiles show a steady decline of all threE€With increasing depth (Fig. 2). All three compounds ai at
below detection limits in the deepest samples of the AnalEESW20K profile but clearly detectable in the deepest $asnp

in the Greenland NEEM-2008 profile. These firn air resultg@oéed with the full historic record in Fig. 3 using datesbed

on the effective ages unless the mole fractions were near mdren mean ages were used; note that these dates are used
for graphical purposes only, and that the full Green’s fiore (shown in the Supplement) were used in the inversions to
represent the age of the compounds in firn air. On the tempoadé the firn air results overlap strongly with the resulbsf

the archived canisters. These canister samples span ffatth1970s to near-present and overlap with the highrgeal

13
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in-situ measurements shown in more detail in Fig. 4. Thetindsta are binned into monthly means after applying a potut
filter to limit the records to samples under background ctooras (O’'Doherty et al., 2001; Cunnold et al., 2002).

3.1.1 CFC-13

CFC-13 first appeared in the atmosphere in the late 1950sl101€60s (Fig. 3). Between the 1970s and 1980s its growésrat
were highest before declining again in the late 1980s, pnably as a consequence of reduced emissions due to restsicti
on production and consumption by the Montreal Protocol & ribn-Article 5 countries. Because of its very long lifetime
small emissions are sufficient to maintain the observectas® in its abundance and consequently CFC-13 continuedwo g
monotonically to a globally averaged mole fraction of 3.p8ip 2016. Its global growth rate leveled off at 0.01-0.08yp !

in the late 1990s. There is, however, no indication of a rttecline in the growth rate since then; in contrast, oua dagjgest
a slight increase during the last decade, which very liketlidates increasing emissions over this period.

Cape Matatula and Cape Grim, which are the two stations mélsehced by SH air masses, have shown a small and
consistent offset of 0.04 ppt compared to the NH stationsl¢8idr), which points to predominantly NH emissions (Fig.E)r
the overlapping period of 1978-1997, our CFC-13 abundaasignificantly lower{25%) compared to earlier published
data (Oram, 1999; Culbertson et al., 2004) (Fig. 5).

For most of the AGAGE field stations the high-resolution resoshow an absence of CFC-13 pollution events indicating
vanishings emission within the local footprints of thesatishs. However Gosan and Shangdianzi feature sporadig-pol
tion events with abundances that reach up-®ppt. Measurements from the urban sites Tacolneston (ERdpl®ubendorf
(Switzerland), and Aspendale (Australia, after removah eiearby CFC-13 source in early 2010) show no pollution eyent
while those at La Jolla (USA) exhibit occasional pollutiorests, which however are smaller and less frequent thare thbs
the two Asian field sites. High-resolution records are showthe Supplement.

3.1.2 CFC-114

CFC-114 appeared in the atmosphere in the late 1950s to ¥#60s at similar times to CFC-13 (Fig. 3). Its growth rate was
highest in the 1970s and 1980s (0.5-0.8 ppt'yrand declined strongly in the 1990s. CFC-114 global moletivas peaked

in 1999-2002 at 16.6 ppt, interhemispheric gradients haméshed since, and global atmospheric mole fractions Heylly
declined since then to 16.3 ppt in 2016. Based on the dataidessid into the Bristol inversion framework, growth rates/e
been negative since 2000 with a minimum-22.035 ppt yr! but increased again since 2010-t0.010 ppt yr' by 2016.
Similar to CFC-13, this increase likely indicates increhsmissions.

Our SH CFC-114 results exhibit lower mole fractions tharsthof Oram (1999), and those of Sturrock et al. (2002) who
used a combination of the data from Oram (1999) and in-sith@&& Cape Grim data based on older instrumentation (ADS,
not used in the present study). Also, our CFC-114 abundareesignificantly lower than those of Martinerie et al. (20fa®
the records before 1980. In contrast, our CGAA mole fragtioratch the summed CFC-114 isomers mole fractions recently
published by Laube et al. (2016) in the older part of the reédmrt get progressively higher (up to 2.5%) for the modert par
of the record compared to that reported by Laube et al. (2016)
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The high-resolution records at the AGAGE field sites gemestiow no CFC-114 pollution events indicating vanishing
emissions in the airmass footprints of these stations (spel&ment). The single exception is Gosan, which showsui&eg
pollution events reaching mole fractions of upt@0 ppt (Shangdianzi data are hampered by an instrumerifacagnd not
further discussed here). The urban sites also exhibit dasipattern as discussed for CFC-13 with Tacolneston, Dddén
and Aspendale featuring minor and infrequent pollutioméséndicating that even in these urban areas emissionsvak s
However the record at La Jolla shows very frequent polluéeants with magnitudes up t025 ppt. This can be caused by
either a rather local source or more widespread emissiotigeiairmass footprint of this station. A more detailed asialys
beyond the scope of this study.

3.1.3 CFC-115

CFC-115 appeared in the atmosphere with a delay of nearlgadgecompared to CFC-13 and CFC-114. Its growth peaked
at similar times as CFC-13 and the second maximum of CFCtlrdtes of 0.4—0.5 ppt yt. It then slowed during the mid
2000s to near-zero growth, with CFC-115 abundances layelfiihat ~ 8.3 ppt in the late 1990s. However, surprisingly, the
CFC-115 growth rate has increased since its minimum in 2086 ppt yr!) to ~0.02 ppt yr' in 2015. This has caused
an enhanced increase of the atmospheric abundances to@.49 2016, which is seen more clearly in the recent in-situ
measurements from the stations, with increases led byerortremisphere sites (Fig. 4).

Our CFC-115 abundances agree well with earlier-publisbgdlts by Culbertson et al. (2004), Oram (1999), Martinetial.
(2009), and the younger part of the record by Sturrock e&l02). The latter study found somewhat larger mole frastion
in the 1970s and 1980s, but this was mainly due to a procedsated in the old version of the CSIRO firn model (upward
flow of air due to compression, as mentioned above). Therewarently no other published data records covering thetpast
decades, which we could compare to our results.

The high-resolution records at the AGAGE fields sites showilar to CFC-13 and CFC-114, no pollution events with the
exception of a few rare and small excursions for some of ttes.sAgain, Gosan and Shangdianzi exhibit pollution events
(typically up to 13 ppt), which have become more frequenteir2013 for Gosan, and evident in the Shangdianzi record only
starting in 2016 because of missing data for 2013-2016. Thanusites La Jolla and Dubendorf exhibit pollution events,
particularly the former with a more regular frequency. Asgele showed CFC-115 pollution episodes mainly in 20069200
but to a much lesser degree in the most recent part of itsade€HC-115 pollution events are mostly absent from Tacadmes
(see Supplement). These observations demonstrate thafl Ck8as not completely been removed from installed equippme
in these urban areas.

3.2 Emissions

Global emissions of the three CFCs were calculated usin@tistol and CSIRO inversions covering nearly eight decades
and are shown in Fig. 6 for 1950 to the present. For CFC-114CGH(@-115, industry-based bottom-up and other reported
emissions are available for comparison. For all three CFE4ind persistent lingering emissions in the past decadeshwh
may be expected if release is continuing from banks. Howevere unexpected is a recent increase in emissions forrak th
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substances. In our discussion of these we assume that dithets@re absent, which could artificially create thesgding
emissions i.e. a slowdown of vertical air mass exchangedmtvthe troposphere and the stratosphere and/or reducedalem
fluxes. The global emissions results are complemented wghlts for Asian regional emissions, and with emissionsifou
from specific processes (CFC-13) and compound impuriti€C(C15).

3.2.1 CFC-13 Global Emissions

Based on our inversions, CFC-13 emissions increased to anmaaxof ~2.64+0.25 kt yr-! (1 stdv) in the mid-1980s with

a subsequent decline to relatively stable mean emissiofs48f+0.15 kt yr-! during the last decade (Fig 6). Cumulative
emissions until 2016 amount to 62 kt (both inversions) ofalihidue to its 640 yr lifetime (Table 1)»,90% is still in the
atmosphere. The persistent emissions over the past twaleeeae surprisingly high(10% of the peak emissions). The
absence of a clear downward trend over this long period, evae so the recent increase in emissions, are inconsistént w

a potential gradual replacement of CFC-13 in refrigeratiaits after the ban by the Montreal Protocol, which woulddlea
to a decline of CFC-13 banks and emissions. Release fusctiorthe other two CFCs used in the AFEAS vintage model
(see Supplement) indicate that emissions of the whole ehafrqndividual refrigeration equipment after installatitake 20
years for CFC-114 and 10 years for CFC-115. Assuming sireitaission functions for CFC-13 in these applications could
potentially explain the decline in the emissions in the 1080t not the tailing emissions thereafter, about which we ca
only speculate. One explanation could be different reléasetions in the last two decades, for example a better canient

for some time as a response to reduced availability of CF@L3efill, followed by a recent period of enhanced release
perhaps due to intensified removal of old refrigeration pougint. Alternatively, CFC-13 could be emitted from sourateer

than refrigeration systems. It could be a by-product of fiebemical manufacture and be released from the processes, o
as an impurity of the end products. It is unlikely that CFCid8sed as a process agent as it would need to be recorded and
controlled under the regulations of the Montreal Protoabich is, as far as we know, not the case. The many CFC-13tjmoilu
events measured at Shangdianzi and Gosan, and the raresomsuat other sites, point to emissions in the East Asidnmeg
(although emissions may also be taking place in regionseest by our high-frequency network).

3.2.2 CFC-13 Emissions from Regional FLEXPART Inversion

The transport analysis of CFC-13 pollution peaks that weseo/ed at Gosan did not reveal consistent and localisedesou

for the years 2012 to 2016. The strongest indication of sssiveere observed for 2013 and 2014 in China, whereas in 2015
and 2016 no specific source region could be identified (se@l&mgnt). The Bayesian inversion showed relatively weak
performance of the simulated prior time series (see Supaienand the use of the posterior emission field did not im@rov
these simulations to a large extent with the exception ofés 2013 for which a considerable improvement of the sitrara
was achieved through the emission inversion. Consequéndyposterior emissions of CFC-13 stayed relatively ctoghe

prior estimates with the general tendency of lower postestimates for South Korea and Japan (Table 2, Figure 7heShi
emissions remained very close to the prior estimates exXoefite year 2013. In summary, these results do not indicate a
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over-proportional share of CFC-13 emissions from nortstera Asia, compared with the global estimate, and, consiglthe
relatively weak model performance, are connected with a@idenably large uncertainty.

3.2.3 CFC-13 Emissions from Aluminum Smelters

CFC-13 was previously found in the emissions from aluminlenis (Penkett et al., 1981; Harnisch, 1997). Our prese@-CF
13 study has prompted us to re-analyze emission measurefmemtan Australian aluminum smelter (Fraser et al., 2086 (
Supplement), and unlike stated in Fraser et al. (2013), wadaignificant enhancement of CFC-13 in the exhaust samples
thereby qualitatively confirming the results from the oldrdies. Enhancements over background levels of 45 ppt pAB0
were found in the various smelter samples. From these samikemission factor of 0.029.017 g CFC-13 per ton aluminum
was calculated. A global extrapolation based on a yearlyiedum production of~60 Mt yr—! for 2016 (http://www.world-
aluminium.org/statistics/#data, accessed June 201i@syearly CFC-13 emissions of 0.0G#8.001 kt yr!. Unless emission
factors from other smelters were significantly higher, thisuggestive of a minor contribution of aluminum smelteissions

to the total global yearly emissions of CFC-13 derived froam atmospheric observations. Nevertheless from a chemical
reaction standpoint, these CFC-13 emissions from alumiproduction remain unexplained. Simplistically, since tlaebon

to produce CEin aluminium smelters comes from the carbon in the smelt@plgite anodes, chlorine impurities in the carbon
anodes could be the source of chlorine to produce CFC-12isrttelters.

3.2.4 CFC-114 Global Emissions

Based on our global inversions, CFC-114 emissions stantéuki 1950s—1960s and reached a maximum in the mid 1970s at
2140.28 kt yr~! followed by a second maximum in 1988 at 29.19 kt yr-! (Fig. 6). Using the CSIRO inversion we have
conducted a sensitivity analysis to investigate the rotasst of this double peak. This has shown that the featurememiesent
when excluding each data set one at a time from the inversange it is not an artifact of the contribution from an indival

data set (see Supplement). Global emissions have dectimed)ly in the 1990s but remained at a surprisingly stabteragh

level at 1.9+0.84 kt yr-! (mean of last decade, see Fig. 6). Our global emissiong difjeificantly from the AFEAS bottom-

up emissions for the first part of the record until about 18Bfitom-up emissions are significantly elevated comparemlito
results until 1965 and lower after that. Also, while we deréontinuing emissions in the last decade, those from exqeand
AFEAS data sets were predicted to decline gradually to <0yrk' after 2014. Emissions of the last decade reported by
Velders and Daniel (2014), which are derived in a bottom{ymraach from assumed remaining banks, are higher than those
from AFEAS but considerably smaller than the emissions w&eé from our observations. Our cumulative emissionslunti
2016 (587 kt for the Bristol inversion and 586 kt for the CSIR@ersion) are significantly higher than the cumulativessitns

and productions derived by AFEAS from an inventory (521 ki)l ahose reported by Velders and Daniel (2014) (528 kt).
Emissions derived by Laube et al. (2016) from atmosphergenlations agree well with our emissions after 1980 but with
some potential discrepancies in the earlier record (sedd atial. (2016) for their full emissions record). The curtivéa
emissions reported by Laube et al. (2016) up to 2014 are 5BBidktagree better with our results than the inventory-based
estimates compare with our results.
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We can only speculate on these relatively high lingering,r@cently increasing emissions of CFC-114. One possilgaex
nation is a change in release functions as was outlined f@-C#. Alternatively, CFC-114 could be fugitively emittedrthg
synthesis of HFC-134a, where it is an intermediate compadnisdme synthesis pathways (Rao, 1994; Banks and Sharratt,
1996; McCulloch and Lindley, 2003). We have analyzed a ddwgample of HFC-134a from a container of the high-purity
substance and found CFC-114 present ak21l8~> mol per mol of HFC-134a. If extrapolated to global HFC-134sssions
of 180 kt yr-! (Rigby et al., 2014) this would correspond to global emissiof 0.084 kt yr' of CFC-114, which is a mi-
nor fraction of the current 1.9 kt yt. A more comprehensive analysis would be necessary to genh@erstanding of the
variability of such an impurity.

Pollution events in the Asian region, as detected from oginesolution in-situ measurements, and the absenceottinre
other regions suggest predominant emissions from Asia.a@derythere is no clear latitudinal gradient in CFC-114 alaunte
detected from our observations. Nevertheless, incredseadances of CFC-114a (compared to Cape Grim) from samples
collected in Taiwan were reported on by Laube et al. (201&®)tjgly supporting our findings.

3.2.5 CFC-114 Emissions from Regional FLEXPART Inversion

In contrastto CFC-13, potential emission sources of CFZdEtived from our observations at Gosan could be identifneitie
Chinese mainland for the years after 2013 through the athesgptransport analysis (see Supplement). The BayeSigona
inversion corroborates this finding, yielding largely ieased posterior emissions for China for the years 2014 asyatith

a peak of 1.8:0.2 kt yr-! in 2013 (Table 2, Figure 7). South Korean and Japanese emisgimained around or below the
prior values. Posterior emissions were mostly localisetivimareas in China, in the Shanghai and its neighboring poag
Zhejiang and Jiangsu, and in the Shandong province (Figrt®.overall transport model performance and improvement
through the inversion was largely improved as compared thdhfor CFC-13 (see Supplement), lending sufficient confiée

in the inversion results.

3.2.6 CFC-115 Global Emissions

Based on our inversions, CFC-115 emissions started in tHel®@60s and increased to a maximum of 12283 kt yr-! in the

late 1980s. Emissions declined strongly thereafter to amim of 0.594+0.51 kt yr-' (mean 2007—2010). Surprisingly the
emissions have since increased steadily to #0460 kt yr-! (mean 2015-2016). Our observations agree very well with the
bottom-up emissions by AFEAS except for an earlier maximuiour emissions by a few years compared to that by AFEAS,
and for our lingering and increasing emissions over the paeats compared to vanishing emissions in the AFEAS record.
Consequently, our cumulative emissions until 2016 of 24342 (both inversions) agree well with the cumulative efoiss

and productions in the expanded AFEAS data of 237 kt and Wwake by Velders and Daniel (2014) of 228 kt.
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3.2.7 CFC-115 Emissions from Regional FLEXPART Inversion

The transport analysis of CFC-115 pollution peaks that velrgerved at Gosan indicated potential emission sources to b
mainly located on the Chinese mainland (see SupplementthEg/ear 2012, no strong sources were located in the domain.
Thereafter, potential source locations were identifiechanlarger Shanghai area (years 2013—2015) and more difffreeh

a broad area along the eastern Chinese coast (year 2016lar§inthe Bayesian inversion yielded increases in paster
emissions mostly located within two areas in Eastern Chitig. (L0), the larger Shanghai area (including the Zhejiamnd) a
Jiangsu provinces) and the northern part of the Shandongnoe Emissions in these areas showed large posteriosemss

for all analyzed years with the most prominent emission potsin 2013 and 2014 and smaller posterior emissions in.2012
The locations of increased posterior emissions largelgegvith the location of HFC-125 factories (B. Yao, pers. camm
2017), which we speculate are sources of CFC-115 emisseaselow, and which were not used in the prior. Large pasteri
emissions in other parts of the domain were not robust, ddrem year to year and were also connected with large pasteri
uncertainties. Total Chinese CFC-115 emissions were atiito average 0.540.34 kt yr-! for the years 2013 to 2016 (Table

2, Fig. 7), whereas they remained relatively close to therpalue in 2012 (0.280.38 kt yr-1). The contribution of those grid
cells containing the HFC-125 factories to the total Chireséssions was considerably increased in the posterionatgs and
reached between 12% and 41%, whereas they only contribled €he prior. Posterior estimates for Japan and South Korea
did not increase compared to the prior emission estimates.

3.2.8 CFC-115 Emissions from HFC-125 Production and Use

We hypothesize that the increased CFC-115 emissions detieast in part, from the production of hydrofluorocarbons
(HFCs), which have been produced in large quantities dutieglast two decades. Similar hypotheses were recently put
forward for emissions of other CFCs and HCFCs. HCFC-133ailfkeat al., 2014; \Vollmer et al., 2015c) and CFC-114a
(Laube et al., 2016) emissions were speculated to deriMeaat in part, from the production of HFC-134a, and HCFC-31
from the production of HFC-32 (Schoenenberger et al., 20 most likely candidate, in the case of CFC-115, is the syn
thesis of the refrigerant HFC-125. CFC-115 is a known bypobdh one possible pathway to synthesize HFC-125, where
tetrachloroethylene is treated with hydrogen fluoride (R&94; Shanthan Rao et al., 2015) followed by fluorine/éhex-
changes. Although this pathway is not expected to be widgljied (pers. comm A. McCulloch) there are neverthelessdot
of twelve production facilities in China using this routehi@ese Chemical Investment Network, 2017). A possible ais
the leakage of CFC-115 to the atmosphere as an intermedatadgi at factory level, similarly to the speculations pari¥ard
in the above studies. However, this hypothesis is diffiauliest without factory-level measurements because urnicgesin
the localization of “hot spot” emissions, such as the onatified with our regional modeling, exceed the narrow gephieal
location of a factory potentially present in the area. Néhwaess our analysis of regional emissions agrees witlhjfpsthesis.

In addition to potential CFC-115 emissions at the HFC-12%0figy level, we tested the hypothesis of CFC-115 impurities
HFC-125, which would then be emitted to the atmosphere dueakage of HFC-125 in installed refrigeration equipmént.
contrast to the cases of HCFC-133a/HFC-134a and HCFC-Z1/8#; HFC-125 and CFC-115 have similar physico-chemical
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properties making it technically difficult to separate thw tcompounds (Corbin and Reutter, 1997; Kohno and Shibanuma
2001; Brandstater et al., 2003; Cuzzato and Peron, 2003likarzd Basile, 2004; Piepho et al., 2006). We have detedt€it C
115 in dilutions of high-purity HFC-125 (Fig. 9). We have@lf®und excess (above ambient) CFC-115 in laboratory air at
AGAGE sites at times of air conditioner leakage (Fig. 9). &g CFC-115 correlated strongly with the main constituehts
the air conditioners (R-410, 50-55% by mass HFC-125, re€-3E), but ratios varied depending on site and rechargénbatc
of the air conditioner fluid. These measurements have edaisléo demonstrate impurities ranging from 0.7 =110-* mol
CFC-115/ mol HFC-125. We extrapolate these to global CFEetissions based on this range and using estimates of global
HFC-125 emissions (40 kt yt, Rigby et al. (2014)) we conclude that this “impurity” soamccounts only for 0.0036 — 0.057

kt yr—1, significantly below the last decade’s mean yearly emissiwfr0.80 kt yr! derived from our inversions. Note that
HFC-125 in polluted air advected to the sites is generathyidav to detect a corresponding CFC-115 enhancement, heace w
cannot extend this CFC-115/HFC-125 analysis to the regilaneasurements. The CFC-115/HFC-125 ratios in the CFC-11
pollution events observed at Gosan largely exceed thesr&diand from air conditioner leakage thereby indicatingrses
other than HFC-125 impurities.

4  Conclusions

Based on a wealth of new observations, we reconstruct thesatmeric histories of CFC-13, CFC-114, and CFC-115 from
their first appearance in the atmosphere to 2016. This is tstechmprehensive study of the very long lived CFC-13 in the
atmosphere. Our global model results suggest that oveasitelecade the global growth rate for CFC-114 has not dekline
and those of CFC-13 and CFC-115 have increased, therebygiddeém two of the few CFCs left with increasing global atmo-
spheric abundances. Under the assumptions of no signiibange in global atmospheric transport patterns or sinkgases,
these growth rates correspond to ongoing emissions, wigied temained stable or even increased over the past dedade. T
contrasts with the expectations of declining emissionstdube phase-out of these compounds under the regulatiche of
Montreal Protocol. We provide evidence for small emissiofSFC-114 and CFC-115 as impurities in HFCs and speculate on
the possibility of fugitive emissions at the process leVg. also find evidence of small emissions of CFC-13 from aliumin
smelting, but the chemistry that leads to CFC-13 produdsiart obvious. Impurities and fugitive emissions are ngttated
by the Montreal Protocol, however even if these are smalksionms, they can potentially lead to an increasing atmagphe
abundance, particularly for the long-lived CFC-13. For €EZ and CFC-115, we find significant emissions from the Asian
region but the processes responsible remain largely unknow

Data used in this study are available from the Supplement) fittps://agage.mit.edu/, and from data repositorieseeted
therein.
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Table 1. Evolution of Atmospheric Metrics of CFC-13 (CGJ; CFC-114 (GCl2F4), and CFC-115 (&CIFs5).

CFC-13  CFC-114 CFC-115

Ozone Depletion Potential (ODP)

ODP, in Montreal Protoc6l 1.0 1.0 0.6

ODP, semiempirical, WMO 2011 - 0.58 0.57

ODP, semiempirical, WMO 20%4 - 0.50 0.26

ODP uncertainties, Velders and Daniel (2044) — 37%/30% 34%/32%
Global Warming Potential (GWP) [100 yr]

GWP, WMO 2017 14400 9180 7230

IPCC 2013 13900 8590 7670

Velders and Daniel (2014) - 9170 (28%) 6930 (27%)
Atmospheric lifetime [yr]

Ravishankara et al. (1993) 640 300 1700

WMO Ozone Assessment 2006 - 300 1700

WMO Ozone Assessment 2011 - 190 1020

Baasandorj et al. (2013) - 214 (210-217) 574 (528-625)

SPARC (2013Y - 189 (153-247) 540 (404-813)

WMO Ozone Assessment 2014 640 189 (153-247) 540 (404-813)

a) Handbook for the Montreal Protocol (UNEP, 2017).

b) WMO Ozone Assessment 2011 (Daniel and Velders, 2011).

¢) WMO Ozone Assessment 2014 (Harris and Wuebbles, 2014y tisé lifetimes from SPARC (2013) and the fractional re¢ezsues from Montzka and Reimann (2011).
d) Absolute values as in WMO Ozone Assessment 2014. Unngesiaret for “possible”/“most likely” (on a 95% confidence interval)

e) ICPP (Intergovernmental Panel on Climate Change) 2038 @let al., 2013) based on Hodnebrog et al. (2013).

f) Updates of WMO Ozone Assessment 2011 with lifetimes frdPABC (2013), and “possible” uncertainty ranges ©5% confidence interval).
g) Ravishankara et al. (1993) give a lower limit value of 38@oy CFC-13 based on the assumption of a faster vertical spgmyic mixing.

h) WMO Ozone Assessment 2006 (Clerbaux and Cunnold, 2007).

i) WMO Ozone Assessment 2011 (Montzka and Reimann, 2011).

j) Stratosphere-troposphere Processes And their Rolerma@ (SPARC), SPARC (2013).

k) WMO Ozone Assessment 2014 (Carpenter and Reimann, 2014).
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Table 2. By-country emissions of CFC-13, CFC-114, and CFC-115peded by the regional inversion: Prior and posterior eggmall

values are given in units of kt y; uncertainties representd fange.

Compound  Year China Hot spots South Korea Japan
Prior Posterior Prior Posterior Prior Posterior Prior Bdst

CFC-13 2012 0.£0.045 0.14:0.03 — — 0.004£0.004  0.00%0.002  0.01%0.008  0.007-0.006
CFC-13 2013  0.£0.043 0.2:0.03 — — 0.004£0.004  0.00%0.002  0.0%0.008  0.00%-0.005
CFC-13 2014  0.£0.043 0.15%0.03 — — 0.004:0.004  0.003:0.002  0.0%0.008  0.0070.006
CFC-13 2015 0.£0.045 0.1&0.03 — — 0.004£0.004  0.002-0.002  0.010.008  0.004-0.006
CFC-13 2016 0.£0.045 0.18:0.03 — — 0.004:0.004  0.00%0.002  0.0%0.008  0.004-0.005
CFC-114 2012 0.40.37 0.66:0.23 — — 0.015£0.033  0.0040.008  0.04:0.065 0.019-0.026
CFC-114 2013 040.35 1.06:0.24 — — 0.015:0.034  0.003-0.005 0.04-0.068  0.033-0.029
CFC-114 2014  040.35 0.64:0.21 — — 0.015£0.034  0.003-0.006  0.04:0.067  0.0170.027
CFC-114 2015 040.37 0.61%+0.17 — — 0.015£0.033  0.004-0.007  0.04-0.065 0.034-0.036
CFC-114 2016  0.40.37 0.79:0.23 — — 0.015£0.033  0.003-0.008  0.04:0.065 0.019-0.034

CFC-115 2012  0.20.68 0.25£0.36  0.018:0.13  0.046£0.039  0.00Z£0.051  0.004:0.008  0.02:0.13 0.026:0.066
CFC-115 2013 0.20.62 0.68£0.25 0.0180.13  0.28+0.03 0.00740.053  0.002-0.005  0.02:0.12 0.029:0.035
CFC-115 2014  0.20.62 0.59£0.26  0.016:0.13  0.18+0.04 0.0040.053  0.0020.006  0.02:0.12 0.048:0.038
CFC-115 2015 0.20.68 0.78£0.35 0.0180.13  0.08@0.041  0.00A40.051  0.002-0.009  0.02:0.12 0.015:0.032
CFC-115 2016  0.20.62 0.470.41 0.0180.13 0.12+0.06 0.0040.053  0.0050.008  0.02:0.12 0.009£0.029
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Figure 1. Sampling locations for the chlorofluorocarbons CFC-13, @@, and CFC-115 used in this analysis. Filled red diamamds
field sites of AGAGE (Advanced Global Atmospheric Gases Expent) and related networks, green filled squares are wibes, the cyan

triangles denote the sampling stations for the firn air sasahd the yellow filled circle is for the flask sampling site¢g{Eejong, Antarctica.
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Figure 2. Depth profiles for the three chlorofluorocarbons CFC-13C&C-114 (b), and CFC-115 (c) in polar firn. Measured dry-adten
fractions are shown for the Greenland site NEEM-08 (red ip)aand the Antarctic sites Law Dome (DSSW20K, black esrbhnd South
Pole (SPO-01, blue diamond). Generally the measuremecisfes (1o) are smaller than the plotting symbols. The modeled moldifra

depth profiles (solid lines) correspond to the optimizedssions history from the CSIRO inversion, derived from thenbmed observations

of all three firn sites, archived air and in-situ measuresment
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s CGAA (2006/2011/2016 CSIRO analysis)
e Firn NEEM-08 (Greenland)
2.5F = Firn DSSW20K (Antarctica)
2.0F — 12-box model (Bristol run)
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Figure 3. Measurements of the chlorofluorocarbons CFC-13 (a), CRC), and CFC-115 (c) from archived air samples and firn. Firn
measurements are plotted against either effective or mges af the samples (see text). In-situ measurement resoitsthe AGAGE
stations are not plotted for clarity. The inversion resalts given for the northern hemisphere (upper solid lined)smuthern hemisphere
(lower solid lines). Growth rates (shown in orange usingrigbt axes) are globally averaged from model results. Nioéé¢ zero growth,
shown as dashed orange lines, is offset relative to the }ef.awith focus to the recent part of the record these groatbsrdeviate
significantly from the growth rates that would be obtainedeafo emissions were assumed (shown as maroon dashed Aimgated by

dividing the global mole fraction by the lifetime).
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Figure 4. Monthly mean abundances of the chlorofluorocarbons CFCa),3qQFC-114 (b), and CFC-115 (c) at selected stations of the
AGAGE (Advanced Global Atmospheric Gases Experiment) netwWertical bars are standard deviations of the monthlamsg1o) of
pollution-filtered observations. Occasional deviatiohthe Monte Cimone measurements from the other sites for CECand CFC-115
(CFC-13 not measured at this site) are explained by thefgigntly larger propagation uncertainties (partially iy larger precisions)

for this site compared to the other site.
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Figure 5. Comparison of the atmospheric records of CFC-13 (a), CRC{b), and CFC-115 (c) from this study with previous results.
Cape Grim Air Archive (CGAA) samples and subsamples have lbealyzed multiple times — here we show analysis resultsighea

by Oram (1999), Laube et al. (2016) and the present studgetbeparate analysis sets are averaged, see Supplemght)gigy bands
denote the uncertainty on our SH model results includingion uncertainty. Uncertainty bands for the NH, whick aimilar to the
SH, are omitted from this plot for clarity. Results for CFC4lare from combined measurements of the two analyticabgparated CFC-
114 isomers. Exceptions to this are the studies by Oram {1899 Laube et al. (2016) where the numerical sums of the tdivigdual
measurements are shown. Also, results by Chen et al. (188ips approximated only from their graphical display)afrthe CCIRLCCIF,
isomer only. Assuming a 5%—6% contribution of CFC-114, ¢hessults are still significantly lower compared to our stuslyresults are
left on the calibration scales of the published data.
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Figure 6. Global emissions of the chlorofluorocarbons CFC-13 (a), QE€ (both isomers combined) (b), and CFC-115 (c) from atmo-
spheric observations. Black lines and grey shaded areésrahe 'Bristol’ inversion and green lines and green shaaleas for the 'CSIRO’
inversion (see text). CFC-114 emissions from Laube et @ll§2are the sum of the emissions of both isomers. In thednset observation-
based global emissions and the expanded AFEAS bottom-ugsiems are compared to the East Asian emissions (maroomddsn
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Figure 7. Total Chinese emissions of CFC-13, CFC-114, and CFC-1lat&d by the regional inversion. Uncertainties repredemt

range.
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Figure 8. Emissions of CFC-114 from north-eastern Asia as estimayeoh\erse modeling using the CFC-114 observations at Gosan
(marked with a blue cross). a) common prior distributiorfi) pesterior distribution for the years 2012 to 2016.
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Figure 9. CFC-115 contamination in HFC-125 as found in contaminagdbiatory air samples at AGAGE stations. Measurements are
shown for four stations (A-D) during times of air conditioteakages (R-410, 50-55% by mass HFC-125, rest is HFC-BR) @&re plotted

for a HFC-125 range 0 — 90 ppb (parts per billion; 1D Differently-colored episodes are separated by timesrafomditioner maintenance
and refilling demonstrating the variable fraction of CFG 14 differing batches of the refrigerant. Based on theseasions we find a
range from 0.7 — 1 10~* mol CFC-115 / mol HFC-125. The solid line (3:510~* mol CFC-115 / mol HFC-125) derives from a direct
measurement of CFC-115 in a dilution of an independenttgiobd sample of pure HFC-125. Dashed lines are approxéheatly and serve

as visual support of the data.
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Figure 10. Emissions of CFC-115 from north-eastern Asia as estimagethinerse modeling using the CFC-115 observations at Gosan
(marked with a blue cross). a) common prior distributiorf) pesterior distribution for the years 2012 to 2016. Redspdigns mark the
location of known HFC-125 factories, which are hypothedittebe potential sources of CFC-115.

39



