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Text summary

This supplement is divided into seven sectionsSéation 1, further information on
reported production and imports, as obtained flioen@zone Secretariat, is discussed.
In the case of CFC-112/CFC-112a these data are am@aho the emissions inferred
from atmospheric measurements. Section 2 showsliandsses an additional data set
originating from measurements on samples collegtathly in the upper troposphere

in the frame of the CARIBIC project (www.caribicradspheric.com). Section 3

mainly discusses quantitative data related to tapeGGrim record including growth
rates and annual mixing ratios. The methodologieshe estimation of stratospheric
lifetimes and Ozone Depletion Potentials (ODPs) @escribed in Section 4 and
Section 5 provides details on the identificationd gantification methods of the four
compounds. Section 6 and 7 explain details of the ds well as the emission

modelling methods.

1. Discussion on production and imports



https://core.ac.uk/display/29105487?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Displayed in Figure S1 is the information receivieain the Ozone Secretariat on
production and import of CFC-112. Note, that impodre not reported as net
production above values reported as productiorhegpbssibility of a double count
cannot be ruled out. As stated in the main manpisasomeric compounds do not
have to be reported separately, so when compdrangtmospheric emissions inferred
here with these reports we take the sum of CFCahtPCFC-112a. According to the
Ozone Secretariat significant amounts of CFC-11241vere still being produced
from 1989 up until 2001 with imports of up to 53Mhes per year after that period.
Production and imports could however only accoumtthe cumulative emissions
inferred from observations if (a) a large part waleased directly into the atmosphere
or (b) production was much higher before 1988. E#C-113a and HCFC-133a
reports are much more fragmentary with only onearhpf CFC-113a reported in
2011 and one country reporting production of 1496f HCFC-133a in 2010. In
accordance with the Montreal Protocol these data I@en anonymised which
precludes further discussions.

It should be noted, that our observations do notvethat CFC-112, CFC-112a, CFC-
113a, and HCFC-133a are entirely man-made. If teebstances are not conserved in
firn air, or if they are produced by biologicallyediated processes that have been
enhanced in recent years such as by climate chémge there could be an alternate
explanation for the observations reported hereh&lternate explanations cannot be
entirely excluded but are very unlikely given thedence for the industrial usage of

these compounds.
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Figure S1. Emissions inferred from atmospheric mesasents (black, see also
Sections 3 and 7 in this supplement) as well a®rs@nd production reported to the

Ozone Secretariat for the sum CFC-112 and CFC-112a.

2. Discussion of additional measur ements

The four compounds were also measured in air saqubected on board regular
passenger aircraft flights in the frame of the CBRI project (www.caribic-

atmospheric.com). The analysed samples originat@ fitights in 2009, 2010, and

2011 from Frankfurt (Main), Germany to Cape Towd dohannesburg, South Africa.
The results are shown in Figure S2 to S5. Comdistéh the Cape Grim record, we
do not find indications for interhemispheric gradg or growth between 2009 and
2011 for CFC-112 and CFC-112a. For the latter wedver observe mixing ratios
that are consistently around 20 % higher than theseved from the other data sets
(i.e. the Cape Grim record, the firn record, anthmvicinity of the tropopause for the

stratospheric samples). This is an indication opassible interference in these



samples which causes a bias in CFC-112a mixings,abut we note that all CFC-
112a data sets agree within theis Brveasurement uncertainties.

For CFC-113a and HCFC-133a we find consistency &etwall data sets and in
addition interhemispheric gradients as well asdspheric growth as apparent from
Figures S4 and S5. For HCFC-133a we additionatigt & strong increase of mixing
ratios in the Northern Hemisphere in March 2011shibuld have reached the Cape
Grim observatory at the end of our current recorddecember 2012. Mixing ratios
observed at Cape Grim came close to 0.4 ppt in 2812 showed no further
acceleration of the global atmospheric growth of R@C133a. Given these

abundances we conclude that this increase waepgentative of a large region.
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Figure S2. Mixing ratios of CFC-112 as observedain samples collected in the
troposphere (collection altitude range 8.6 - 18 kluring passenger aircraft flights
from Frankfurt (Main), Germany (FFM) to Cape TowaiT( and Johannesburg (JB),

South Africa. The error bars represent the respedtc measurement uncertainties.
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Figure S4. The same as in Figure S2 but for CFG113
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Figure S5. The same as in Figure S2 but for HCF&13

3. Discussion of growth rates, annual mixing ratios, and emissions from the Cape

Grim data set

Figure S6 shows the evolution of growth rates fBC€L12 and CFC-112a after 2000.
These growth rates were derived directly from thgimg ratios of the Cape Grim
samples by fitting linear regression lines over éaryperiods. The slope of these
regression lines is the average growth rate. TigairEi demonstrates a significant
increase in growth rate for these two moleculesra@005 followed by a decrease
from around 2010 which support the hypothesis ofdasing and later decreasing
emissions suggested by the more indirect methednigsion modelling.

Table S1 details the annual mixing ratios inferfrean fits to the Cape Grim data as
well as the respective global emissions of CFC-1QEC-112a, CFC-113a, and
HCFC-133a. Emission uncertainties were inferredngisthe 1o measurement

uncertainties as well as the uncertainty rangesheflifetime estimates (see also



Section 7 of this supplement). In the case of HABBa where tropospheric reaction
with OH is the dominant sink we also considered theeertainty in the OH

concentration and in the respective reaction ragficient.
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Figure S6. Average growth rates of CFC-112 (blaok) CFC-112a (red) as directly
inferred from the Cape Grim measurements. Growtsravere derived as the slopes
of the sample mixing ratios by fitting linear reggen over 5 year periods. The error

bars represent thedlslope uncertainties.

Table S1. Annual average mixing ratios from fitstbee Cape Grim air archive
measurements. Averagesimeasurement uncertainties of these fits are Opptfor
CFC-112, 0.004 ppt for CFC-112a, 0.010 ppt for CHGa, and 0.003 ppt for HCFC-

133a. Also shown are the respective estimated berbesions and their uncertainties.



Emissions of CFC-112a prior to 1999 were infernexhf firn air data and sum up to

3.26 Gg.

Cape Grim mixing Global Emission uncertainty
Year

ratio from fit [ppt] emissions [Gq] range [Gg]

CFC-112

1978 0.092 0.27 0.24-0.31
1979 0.098 0.30 0.26-0.34
1980 0.105 0.34 0.29-0.38
1981 0.112 0.39 0.34-0.44
1982 0.121 0.45 0.39-0.51
1983 0.132 0.54 0.47-0.62
1984 0.145 0.63 0.55-0.71
1985 0.160 0.76 0.70-0.82
1986 0.179 1.04 0.97-1.12
1987 0.205 1.24 1.18-1.31
1988 0.236 1.34 1.27-1.40
1989 0.270 1.46 1.38-1.52
1990 0.307 1.58 1.48-1.64
1991 0.347 1.88 1.77-1.95
1992 0.395 2.25 2.18-2.29
1993 0.444 0.90 0.82-1.05
1994 0.471 0.70 0.60-0.80
1995 0.485 0.50 0.41-0.63
1996 0.491 0.40 0.30-0.51

1997 0.494 0.29 0.18-0.43




1998 0.493 0.22 0.10-0.37
1999 0.491 0.18 0.05-0.33
2000 0.487 0.14 0.03-0.29
2001 0.481 0.12 0.01-0.27
2002 0.476 0.12 0.01-0.25
2003 0.470 0.12 0.01-0.24
2004 0.464 0.13 0.01-0.24
2005 0.459 0.15 0.02-0.26
2006 0.454 0.18 0.04-0.29
2007 0.450 0.22 0.10-0.32
2008 0.447 0.25 0.10-0.34
2009 0.446 0.26 0.10-0.35
2010 0.444 0.21 0.03-0.32
2011 0.441 0.08 0.00-0.27
2012 0.436 0.01 0.00-0.19
CFC-112a
1999 0.075 0.00 0.00-0.04
2000 0.073 0.00 0.00-0.04
2001 0.071 0.00 0.00-0.04
2002 0.070 0.00 0.00-0.04
2003 0.068 0.02 0.01-0.06
2004 0.067 0.03 0.01-0.07
2005 0.067 0.04 0.02-0.08
2006 0.066 0.05 0.02-0.08
2007 0.066 0.05 0.02-0.09




2008 0.066 0.05 0.02-0.08
2009 0.066 0.04 0.01-0.08
2010 0.066 0.03 0.00-0.07
2011 0.065 0.02 0.00-0.05
2012 0.065 0.01 0.00-0.03
CFC-113a
1978 0.040 0.34 0.28-0.37
1979 0.050 0.35 0.29-0.39
1980 0.060 0.36 0.30-0.42
1981 0.070 0.36 0.31-0.43
1982 0.080 0.36 0.31-0.43
1983 0.090 0.36 0.31-0.42
1984 0.100 0.37 0.30-0.42
1985 0.110 0.37 0.30-0.43
1986 0.120 0.38 0.31-0.45
1987 0.129 0.40 0.33-0.48
1988 0.139 0.42 0.36-0.49
1989 0.150 0.43 0.37-0.51
1990 0.161 0.45 0.39-0.55
1991 0.172 0.46 0.38-0.57
1992 0.183 0.47 0.38-0.58
1993 0.195 0.48 0.39-0.60
1994 0.206 0.49 0.39-0.61
1995 0.218 0.51 0.42-0.65
1996 0.229 0.52 0.43-0.67




1997 0.241 0.53 0.44-0.69
1998 0.254 0.54 0.44-0.71
1999 0.266 0.55 0.44-0.73
2000 0.278 0.57 0.44-0.75
2001 0.291 0.58 0.43-0.77
2002 0.303 0.59 0.43-0.78
2003 0.316 0.60 0.44-0.79
2004 0.329 0.61 0.45-0.79
2005 0.342 0.63 0.46-0.81
2006 0.356 0.65 0.48-0.83
2007 0.369 0.68 0.51-0.86
2008 0.384 0.73 0.55-0.91
2009 0.399 0.79 0.60-1.03
2010 0.416 0.87 0.65-1.11
2011 0.439 1.70 1.50-1.85
2012 0.479 2.00 1.80-2.70
HCFC-133a
1978 0.018 0.13 0.10-0.18
1979 0.019 0.14 0.11-0.20
1980 0.020 0.15 0.12-0.21
1981 0.022 0.16 0.12-0.22
1982 0.024 0.17 0.13-0.24
1983 0.025 0.18 0.14-0.25
1984 0.027 0.19 0.15-0.27
1985 0.029 0.20 0.15-0.28
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0.031

0.033

0.036

0.040

0.044

0.049

0.054

0.061

0.069

0.077

0.085

0.091

0.096

0.102

0.108

0.111

0.114

0.118

0.134

0.168

0.212

0.255

0.276

0.268

0.270

0.23

0.26

0.29

0.32

0.36

0.40

0.46

0.54

0.61

0.61

0.61

0.61

0.65

0.73

0.65

0.65

0.65

1.00

1.70

2.10

2.40

2.00

1.00

1.10

3.10

0.18-0.32

0.20-0.36

0.22-0.41

0.24-0.45

0.28-0.50

0.31-0.55

0.35-0.63

0.41-0.73

0.47-0.83

0.47-0.83

0.46-0.83

0.45-0.83

0.48-0.88

0.54-1.01

0.48-0.90

0.48-0.90

0.48-0.90

0.75-1.35

1.35-2.22

1.78-2.35

1.96-3.25

1.60-2.60

0.58-1.65

0.65-1.70

2.70-3.70




2011 0.316 3.10 2.45-4.10

2012 0.368 3.10 2.50-3.80

4. M ethods to calculate stratospheric lifetimes and ODPs

Stratospheric lifetimes were calculated using Eq. S1 as taken frdnfcf. Eq. 6)

which is based oft.

I o G D_ZO-G *+ Vocrc11 Wocrc-11 E 1-20),, LA
i = Terea1bo dr. 1-21), 7 (S1)
CFC11 - 2060 A 4y (b, 0,CFC-11
Xerc1

o - average atmospheric mixing ratio in steady state

d/YdXi - slope of the mixing ratio correlation at the ettopical tropopause
CFC-11

o - steady-state mixing ratio (index 0 = at the tjoguase)
v, - effective linear tropospheric growth rate in yegef. %, Eq. A13)

A - ratio of the squared width of the age spectr(ito mean agé€’; here: 1.25

Compact correlations occur in the stratosphere émtwtwo trace gases with
sufficiently long lifetimes and the slope of thesarrelations at the tropopause is
related to their stratospheric lifetimes. Figur&st® S10 show the correlations of the
four newly detected compounds with CFC-11 in amgkes collected onboard the
high altitude research aircraft M55-Geophysica lwe txtra-tropical stratosphere
during deployments in late 2009 and early 20100Alsown are the average slopes at
different points of these correlations which wesed to estimate the slope at the

tropopause. Table S3 displays the additional requparameters as well as the



lifetimes and their 1o uncertainty ranges. Further methodological detedla be
found in®.
Ozone Depletion Potentials (ODPs) were calculasdguEqg. (S3) which has been

adapted fronf.

ODR = (0' (g ’f”cu)D FRA i EMCFC_M E2 (S3)
RFcrca11 Terc11 M 3

a - relative ozone destruction effectiveness of braras compared to chlorine; here:
60 as recommended in WMO (2011) for mid latitudes

n - number of bromine/chlorine atoms

FRF — mid-latitudinal Fractional Release Factar atean age of 3 years

r - overall atmospheric lifetime

M - molecular mass

A Fractional Release Factor (FRF, i.e. a quanté@gcdbing the fraction of halogen
released from a trace gas at a certain time araditocin the stratosphere) is needed
to calculate these ODPs. Again applying the methofls'® we infer mean
stratospheric transit times (i.e. mean ages of am) subsequently correct our
measurements for changes in tropospheric trendasbyg the Cape Grim record
(shifted by 6 months to represent the mixing rattbat entered the tropical
stratosphere). Semi-empirical ODPs are calculateth fthe FRFs observed in the
mid-latitudinal stratosphere at mean ages of 3 syeale find FRFs of 0.30
(uncertainty range 0.29-0.31) for CFC-112, 0.353260.39) for CFC-112a, 0.29

().27-0.31) for CFC-113a, and 0.03 (0.00-0.05) Hf£FC-133a. When using these



values and the inferred atmospheric lifetimes (@he reported irf in the case of

HCFC-133a) we calculate the ODPs given in the maanuscript.

Table S3. Additional details on stratospheric iifet calculation.

q r and uncertainty
Compound 7 [ppt] vo [% yr] _oh

Acre-11 range [years]

CFC-11 227.9+3.8 -0.88 1 (45)
CFC-112 0423 +0.017 -0.41 0.0017 +£0.0006 51 (37-82)
CFC-112a 0.062 +0.002 -0.24 0.0003 +0.0002 44 (28-98)
CFC-113a 0.384 +0.012 3.25 0.0022 +0.001 51 (27-264)

HCFC-133a 0.246 +0.011 -1.67 0.0013 +0.0005 35 (21-92)
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Figure S7. Correlation slopes of the mixing ratcdsCFC-112 against the average

mixing ratio of CFC-11. The black diamonds eachrespnts the bivariate error-



weighted slope of the correlation inferred oveaage of £ 35 ppt CFC-11. The error
bars represent the & slope uncertainties. The black lines are the exaighted
guadratic polynomial fitted between 120 and 220 @pd its respective uncertainty
envelopes as inferred via the “bootstrap” methazmfr’. Extrapolation of these
polynomials to the tropopause at 241.0 ppt of CECrdsults in the slopes and

uncertainties (blue) given in Table S3. Displayedad is the correlation of mixing

ratios that was utilised to infer the slopes.
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Figure S8. The same as in Figure S7 but for HCF&13
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Figure S10. The same as in Figure S7 but for CF&&11




5. Methods to identify and quantify the newly detected compounds

Table S4 displays the quantifier and qualifier ioishe newly detected compounds.
No chromatographic interferences were found for doe@ntifier ions at the given
retention time windows. However, CFC-112a and CEZ-&lute as a double peak on
the CFC-112a quantifier ion (m/z 116.91) which tsnthe precision of the latter.
CFC-113a has a similar limitation as it forms a lleupeak with CFC-113 on m/z
116.91. Typical detection limits were between (hd & part per quadrillion (ppQ).

To establish calibration scales for these compowwlssed the static dilution system
described and evaluated hand®. The compounds (purity > 99 %) were obtained
from DuPont (mixture of 90.8 % CFC-112 and 9.2 %0cH 2a), SIA Molport (CFC-
113a), and Fluorochem Ltd. UK (HCFC-133a) and sgbsetly diluted in Oxygen-
free Nitrogen (OFN, BOC Gases, UK) into aluminiumurds (~100 litre volume)
which were analysed against the working standaed ¢ompressed clean NH air) on
the instrument. Internal reference compounds @GeCl, and CFCG)) were added to
evaluate the quality of the dilution. These refeeenompounds deviated by less than
3.8 % from the well established scales of the NOB®BRL laboratories (NOAA-2008
for CF,Cl; and NOAA-1993 for CFG). We assign a calibration scale uncertainty of
less than 7 % (similar t§ at the mixing ratios levels in the dilutions paegd here.
The mixing ratios of the newly detected compoundthe dilutions and those
calculated for the working standard used to assmxing ratios to samples (i.e.
remote tropospheric air sampled in 2006) can aésfobnd in Table S4.

The linearity of the response behaviour of the il system was confirmed using
a static dilution series prepared by diluting apalluted air sample collected in 2009
at Niwot Ridge near Boulder, USA (containing 0.54@ of CFC-112, 0.071 ppt of

CFC-112a, 0.411 ppt of CFC-113a, and 0.322 ppt 6FE-133a) with Research



Grade Nitrogen (obtained from BOC Gases, UK) irc@liM-treated stainless steel
canisters. Six dilutions were prepared with dilatfactors of 1.00, 0.67, 0.30, 0.15,
0.07 and 0.00. Linearity was found for all four quunds within the uncertainties of
the dilution factors (less than 5 % in all casa®) ameasurement uncertainties (see

Table S4).

Table S4. Additional details on measurements atilraions of the newly detected

compounds.

Compound CFC-112 CFC-112a CFC-113a HCFC-133a

CF°Cly’ C>Cl5’ C™Cl"  CH.R™CI’
Quantifier ion (m/z)
(100.94)  (116.91)  (116.91) (117.98)

c*Cl,t  c*cl’clt CcclL¥Clt CHL.FP'CIt
Qualifier ion (m/z)
(116.91)  (118.90) (118.90) (119.98)

Deviation of internal std
-3.3t0-3.8 -3.3t0-3.8 -3.0to-3.8 1.0t0 2.7
from NOAA scales [%)]

Mixing ratio range
9.3-13.7 0.9-1.4 23.2-34.1 19.6-30.2
prepared [ppt]

Mixing ratio assigned to

0.465 0.065 0.375 0.294
standard [ppt]
Typical precision of
0.9 2.1 1.3 0.9
standard [%0]
Standard deviation of
5.8 3.5 2.3 4.1

calibrations [%]

6. Firn modelling methodology




Polar firns preserve air of increasing age withreasing depth. However trace gas
concentration profiles are smoothed mainly by malcdiffusior?? A state of the
art model of trace gas transport in firn has besedun this studyY; compared with
other similar models if). Such models need as input diffusion coefficiatios in air
of the target species with respect to LLDOhe values used calculated from critical
temperature and volume data are 203.83 for CFCdi® CFC-112a, 187.38 for
CFC-113a and 118.49 for HCFC-133a, as detailedénsupplement of. Forward
firn models such as those inter-compare8 alow calculating concentrations in firn
from a known atmospheric history. Reconstructingnaspheric concentration
histories from depth — concentration profiles mm frequires to use inverse modelling
techniques. This inverse problem has multiple smhst®> A robustness oriented
method for choosing the optimal solution, adaptethé scarcity of firn data (16 to 19
depth levels in this study), has been recently lbpesf’. The scarcity of
measurements is handled based on the mathemagioalogment for robust solving
of inverse problems fron. The reconstructed scenarios, together with theicch of

the firn data are shown on Figures S11 and S12.
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Figure S11. Reconstructed atmospheric scenaricSF@-112 and CFC-112a (left
panels) together with their match of the mixingagatobserved in firn air collected at
different depth levels (right panels). The uncetiaienvelopes (dashed lines) mostly
reflect the differences between measured and nextletixing ratios in firn air with
an additional error propagation tethinducing larger uncertainties in the deep firn air
These larger uncertainties affect the scenariooréefl950. The reconstructed
scenarios are zero within error bars in their egdyt, reflecting the very low

concentrations in firn air below 70 metres depth.
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Figure S12. The same as in Figure S11 but for CE&hnd HCFC-133a.

7. Emission modelling methodoloqgy

The emissions required to produce the temporaldtneere derived using a 2-D
atmospheric chemistry-transport model. The modatains 24 equal area latitudinal
bands and 12 vertical levels, each of 2 km. Thessioms were assigned
predominantly to the northern mid-latitudes withlyod% released in the southern
hemisphere. This distribution is based®d@and has been used previously for CFC-11
in °° The model has previously been shown to reprocsmehern hemispheric
observations to within about 5% for gases emittedtiy in the northern hemisphere
and for which there have been well reported emissiventories such as CFC-11 and
CFC-12°

The major sink of the CFCs is by photolysis butr¢hare no reported absorption

spectra for the three new CFCs reported here. Téthad described iff was used to



calculate stratospheric (and hence total) lifetimfethe CFCs. The diffusive loss from
the top of the model was then adjusted so thatifisieme of the species within the
model domain matched the lifetimes calculated®by

For HCFC-133a a total atmospheric lifetime of 4eug is reported i This is based
on a combination of the lifetime with respect to @f 4.5 years, based on the
temperature dependent rate constant reportéd by

, k = 1.43x10.exp(-1400/T), and a stratospheric lifetime of 7@ang, estimated
“from an empirical correlation between the tropash and stratospheric lifetimes
that were reported by Naik et al. (2000) for HF6s\fhich OH and JPD) reaction
rate constants were available”. The OH reactioe canstant front’ was used in the
model and the diffusive loss from the top of thedelovas then adjusted to represent
the stratospheric loss and give the molecule &rite of 4.3 years within the model
domain.

The OH field in the model was adjusted to give diglalifetime for CHCCls, with
respect to reaction with OH in agreement \fi{6.1 years) when using a reaction rate
coefficient of 1.2x10"%.exp(-1440/T) cimoleculé* s* 8,

The temporal trend in the global emissions wassdfuso that the modelled mixing
ratios for the latitude of Cape Grim matched thesoeements of the CFCs and the
HCFC. The uncertainties for the CFC emissions showhable S1 were calculated
by running the model to fit upper and lower bounfithe measurements (defined by
the mean 1-sigma measurement uncertainty) using réamge of the lifetime
uncertainties. The upper estimates of the emissi@ne therefore based on fitting the
upper bound of the measurements and using the mmiwalue of the lifetime range,
while the lower estimate of the emissions usednagimum value of the lifetime to

fit to the lower bound of the measurements.



The uncertainties for the emissions of HCFC-133aewsalculated by running the
model to fit upper and lower bounds of the measerém (defined by the mean 1-
sigma measurement uncertainty) using the rangenoértainty in the OH reaction
rate coefficient as reported BY which equates to about 30 %. The upper estinfate o
the emissions was therefore based on fitting theeupound of the measurements and
using the maximum value of the OH rate coefficiggiving a minimum lifetime),
while the lower estimate of the emissions usedntii@mum value of the OH rate

coefficient (giving a maximum lifetime) to fit ttié¢ lower bound of the measurements.
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