Response to Editor

Dear Dr. Burkholder,

Below please find the responses to the referee @mtsnwhich include all changes
that were made to the manuscript acp-2016-610 deroto be acceptable for
publication in ACP.

Best regards,

Johannes Laube

Refer ee comments

Anonymous Refer ee #1

General comments

This manuscript discusses the determination of @enCFC-114 and CFC-114a in
the atmosphere. The isomers have routinely beasrtezpas a sum of the isomers in
the past with the assumption that CEC4a abundance is  10% that of CFC-114.
This manuscript describes how the isomers are agggthrand how analysis of a
variety of atmospheric samples indicates that ot fhe source and trends of each
isomer have varied over time. The manuscript pewidseful information that is
currently missing from many ozone assessment repdite presentation of the
manuscript and quality of Figures/Tables is appaterfor ACP.

Author response

We would like to acknowledge the work of the anoows reviewer and her/his
detailed comments which have helped to further awprthis manuscript. Below
please find responses to all comments.

Refer ee comment

P5 Calibration — what calibration scale are CFC-add CFC-114a reported on?
Author response

As explained in section 3.3 this is a UEA-madelralion scale using our established
volumetric calibration system which minimises diéfieces to gravimetric methods.
We have named these and modified the followingestahts to make this clearer:
“Older data had to be transferred to the new catiibn scales (“UEA-2014") using
repeatedly measured ratios between internal stdadahe conversion factor from the
old UEA calibration scale (Lee, 1994)..."

Refer ee comment

P5 L18 Is it reasonable that the average samptespra is 1.1% for both isomers



considering one isomer is 14-22x more abundant ttmraother, and the mole fraction
of the samples has increased from 7.9 to 14.8 (CF-and 0.35 to 1.03 (CFC-
114a) over time.

Author response

The detection limits of our analytical system arehe sub-ppq range (e.g. Kloss et
al., 2014), so the signal-to-noise ratio is notltimting factor for precisions of either
isomer — not even for the deepest firn samples hwhave as small mixing ratios as
0.06 ppt for CFC-114a.

Refer ee comment
P5 L26 What is the quoted uncertainty associatéa the DuPont sample?
Author response

The sample was provided at >99.8 % purity (weigist\determined by GC-FID and
contained small amounts of other trace gases, natably 0.112 % of CFC-115 and
0.028 % of CFC-13. The latter were successfullyaesd to below detection limits

through transfer into a vacuum-tight canister fokal by repeated freezing and
evacuating cycles (see statement: “The same dilsiticere also analysed in full scan
mode to ensure their purity®). This information wadded to section 3.3.

In addition our calibration depends heavily on #teuracy of the ratio of CFC-114
and CFC-114a in that sample. DuPont provided nihvéurinformation with regard to
this matter. It is however well known that the nmotasponse factors of isomeric
compounds are very similar in Flame lonisation deis (e.g. Tong and Karasek,
1984). Nevertheless we have added a respectiverstat to section 3.3:

“It should also be noted that the accuracy of @libcation is limited by the accuracy
of the ratio of CFC-114 and CFC-114a in the sanpptided by DuPont, which is
unknown. It is however well known that the molaspense factors of isomeric
compounds are very similar in Flame lonisation deis (e.g. Tong and Karasek,
1984), so this is unlikely to be a major limitatiofhthis study.”

Referee comment

P5 L31 Use of epoxy resins cover a wide range démg@l chemicals and by-
products - are the authors sure that no contaromdias been introduced to the
calibration drums?

Author response

The internal drum surface area exposed to the rssiminimal. In addition the

dilution drums were flushed with > 20,000 litresMifrogen and no major additional
organic compounds were detected in the subsequankdh We have added this
information to the manuscript and also note thaixgpresin has been successfully
used to seal canisters of the whole-air-sampleeyadgd on board the CARIBIC



aircraft for more than a decade, including the essful measurement of a large
variety of halocarbons and hydrocarbons (Brenningmet al., 2007).

Refer ee comment

P7 L8 On what evidence is the assumption aboutitatial distribution of CFC-
114/114a made?

Author response

The latitudinal distribution is based on the wogkNdcCulloch et al. (1994) which has
been added to the manuscript. This emission digtob has been used previously to
study the temporal behaviour and global distributd other long-lived halocarbons
(e.g. Reeves et al., 2005, Kloss et al., 2010pkaat al., 2010, Oram et al., 2012,
Newland et al., 2013, Laube et al., 2014). SpeadificReeves et al. (2005) showed
that for CFC-11 and CFC-12 the model, with this ssioin distribution, reproduced
southern hemispheric observations to within abéoit 5

Refer ee comment

P7 L17 There appears to be some missing text? daasevork by and".

Author response

Both the sentence “The recommended values mentiabede are based on work by
and.” and the text above it are intended to coraseimilar message. Hence, sentence
and text have been revised as follows:

,The rate coefficients of 1.43 ¥1° cn?® moleculé' s* and 1.62 x 18° cm® moleculé

! 51 are applied to the reaction ofOf with CFC-114 and CFC-114a, based on work
by Baasandorj et al. (2013) and Baasandorj eR@lLX), respectively.”

Refer ee comment

P7 L29-32. The quoted uncertainties appear quitdlsspecially 5% for modelling
uncertainties. Can the author describe more fulbyv huncertainties have been
derived?

Author response

The modelling uncertainty was estimated to be 5%etian previous work with the
model. Generally, the model is able to recreatesoreanents of long-lived gases at
Cape Grim with mainly northern hemisphere emissems well-established emission
histories (e.g., CFC-11, CFC-12) to within 5%.

Refer ee comment

Figure 2. How can you be sure that the rapid chamgatio of CFC-114a/CFC-114 is
not driven by emissions from Asia/Taiwan as dethiteFigure 6?



Author response

The caption of Figure 2 does not claim any readonghis rapid change. We do
provide strong indications in the main text tha¢ tlatio change from the 1990s
onwards is connected to HFC-134a production. Theeweer is also correct that
Figure 6 provides indications for continuing enoss of CFC-114a from East Asia.
We do however have no evidence that East Asian pileGuction was driving those
ratio changes, from the 1990s onwards. This isaot tinlikely as there is and was
substantial production of HFC-134a outside of Fessa.

Refer ee comment

P1 L22 The global ban came into force in 2010 laun-A5 countries in 1996.

Author response

Our statement is correct and has been kept cofaigbe abstract. The 1996 date is
included later in the manuscript.

Referee comment

P1 L37 36 year period

Author response

The period is inclusive of both 1978 and 2014.

Minor suggestions/corrections:

P1 L36 increased from 4.2% to 6.5%

P3 L30 Chan et al., 2006 not 2007

P4 L6 missing a closing bracket ) to close (cleamine ...)

P5 L5 Can you provide the details of the columnpfiep diameters, length and film
thickness.

P4 L16 Fraser at al., 1986 is not listed in thenefices?

P14 L30 need full author list not just et al.:

Figure 1. The way the two y-axes are plotted m#ke<CFC-114 and CFC-114a
trends appear to converge between 1980-1990. @astdies be adjusted to allow
the trends and uncertainties to be viewed mordy@asi

Author response

All changes were made as requested.



Anonymous Refer ee #2

General comment

The focus of this paper is the isomeric pair CF@-aad CFC-114 of these long-lived
potent ozone-depletion compounds, which have begulated by the Montreal
Protocol. Samples of firn air and the Cape Grim Aichive are analyzed for this
study, many of which have been analyzed -earlier smmewhat different
instrumentation. The measurement results are usedmbination with a 2-D model
to reconstruct atmospheric histories of these camg@s, and to assess their global
emissions. The data sets are complemented by ffrmeemeasurement campaigns in
Taiwan and from CARIBIC. A focus of the manuscrigt put on the relative
abundances and emissions of the two isomers, fachwthe authors find a varying
ratio over time. This study is very well designed @arried out, delivering solid data
sets and an distinction into the two isomers. Ttheysis important in several aspects,
it allows for a reconstruction of the CFC-114/adnes and emissions including most
recent dates and highlights the importance of g¢hifar rather ‘neglected’ CFC. The
separation into the two isomers reveals some additinew information and presents
some new puzzles over the finding of a variabl®ratt the emissions and the finding
of preferential regional emissions of the CFC-1a¥dar CFC-114. The manuscript is
also well written. | have no objections to the mtig interpretation and discussion. |
recommend publication after minor revisions. Myyorlajor comment is at the very
end: publish the numerical results in the Supplémen

Author response

Similar to referee #1 we would like to thank thewiewer for her/his work which has
led to a further improvement of this manuscriptldBeplease find responses to all
comments.

Refer ee comment

page 2, line 28: CFC-114a used in HFC-134a prodoc€ould the authors (here

or when discussing the Taiwan results) providermfttion (perhaps through the later
mentioned contact at DuPont) on the various pradagbathways for HFC-134a,
which is currently the dominant production methathere (geographically) is HFC-
134a produced (presumably mainly China?). Thesarcamts apply to here or page 9,
line 29 (which pathway is dominant?).

Author response

We recommend Banks et al., 1994 (as cited in theus@ipt) for more details on
HFC production pathways but consider this levebefail outside the scope of this
study. Information on HFC production locations udihg emissions on an individual
country and/or compound basis is not publicly aldd.

Refer ee comment



page 3, line 13, this paragraph should be revisedt & somewhat unclear and
confusing: Shouldn’'t Oram (1999) be mentioned les@ne of the previous studies
on CFC-114/CFC-114a — what did Oram (1999) find oefated to the two
compounds? Not having access to Lee (1994), pn&,18, it is not clear, if Lee
(1994) made measurements of these compoundstatititesis dealt only with some
calibration scales for the compounds under disouassi

Author response

As mentioned in the manuscript the initial calibmatof CFC-114 and CFC-114a was
explained in the PhD thesis of Lee (1994). We dbuse any further data from that
thesis and only cite two non-peer-reviewed workee(L(1994) as well as Oram
(1999)) as they provided crucial input to two pemriewed publications, both of
which are discussed in detail.

Refer ee comment

line 17 ff. The sentence implies that ’'the data pamed were Cape Grim
measurements, but wouldn’t these be the same wldtath cases, those published by
Oram (1999) except that i.e. Sturrock et al., 206@d CFC-114 + CFC-114a while
those from UEA (also Oram 1999) separated the tempounds. It would be
misleading to call this a 'pure’ calibration diféarce.

Author response

As explained in the manuscript, Sturrock et al. pared CFC-114 measurements
from two independent sources: 1) from Antarctia fair and b) from the Cape Grim
archive. Isomers were not separated and are based AGAGE calibration scale for
the former. We have revised the sentence as follows

“Their firn air-based data (calibration first reped in Prinn et al. (2000)) were
compared with University of East Anglia...”

Refer ee comment

section 3.2, Analytical technique: could you praviéhformation on potential

differences of the molar sensitivities of the twampounds for the two measured
mass fragments. Are e.g. for mass 134.96, the peahts (or areas) per mol of
similar size for the two isomers? This informatiwauld help to understand potential
deficiencies for instrumentation that make combin€#C-114 + CFCll4a

measurements if reference material differed greatlgomposition compared to air
samples.

Author response

We thank the reviewer for raising this importaninpoTo address this request we
have assessed three measurement days which spaterge range of mixing ratios
measured (CFC-114: 1.08 - 15.85 ppt, CFC-114a: a10@® ppt). On m/z 134.96
CFC-114a had a 2.30 + 0.02 larger area responsepgemeasured. This does
however appear to be a column-specific respongerfak comparison of other CFC



isomers (CFC-112, CFC-112a, CFC-113 and CFC-118a)diready revealed that
mixing ratios of one isomer could be used to preitiose of the other within 23 % on
the Agilent GS GasPro column (Kloss et al., 201@ contrast when determining the
molar responses of one of these isomer pairs oK@igassivated AIPLOT column
(i.,e. CFC-113 and CFC-113a as the CFC-112 isomersi@ separated) these were
very different from expectation i.e. 2.89 insteddl®8 as expected from the mass
spectra. Nevertheless the mixing ratios of CFC-ah8 CFC-113a derived from
measurements using the two different columns ageeg well. Coming back to the
original question we have therefore not includegiséhresults in the manuscript but
will offer our support to anyone wishing to invegtie historical results (e.g. through
comparison experiments).

Referee comment

section 3.3 Calibration: pure mixture by DuPont: uldo the authors (within

confidentiality agreements) provide more detailsvdmen (which year) the sample
was obtained, if the CFC-114a impurity in CFC-1Iéduction may be constant,
which factory it may have been produced (when)?

Author response

The sample was obtained in 2014 but the additidetdils could unfortunately not be
obtained.

Referee comment

page 6 line 1. why is 'of known atmospheric aburmdanmportant? Shouldn't it
rather say that a compound was used for which ewggnt calibration exists. Was
the comparison with NOAA (2.4%) giving a systematftset for all 3 samples, and
which way, which CFC-12 was higher, the calculabedneasured? If the 2.4% is
considered to be the accuracy for this CFC-114llareéion scale, it should be stated
clearly (the discussion of uncertainty in a latertf the manuscript suggests so).

Author response

The CFC-12 mixing ratios determined via the UEAtsys were between 1.6 and
2.4 % higher than the mixing ratios based on theANQcale. We have altered the
statements to “A CFC for which an independent ateriationally recognised
calibration exists...” and “The three separate catibn analyses were accurate to
within 2.4% of NOAA values (using CFC-12 mixing ica, 2006 NOAA scale) and
we therefore consider the accuracy of the calibnato be 2.4% at the most. As for
the calibration precision theslstandard deviation of these calibrations was 1.2 %
(CFC-114) and 1.5% (CFC-114a) respectively.”

Refer ee comment
page 6, line 10: One cannot analyze a 'data sed GICMS.

Author response



We have altered the statement to: “Both of theséa dsets originate from
measurements on a previous version of the GC-Mt@sys.”

Refer ee comment

p. 6, line 14: What about the data by Oram (1988)y were these converted? Was
Oram (1999) on a preliminary scale? If so, woulé (#994) mention the difference
between scale defined in that thesis and the datésped by Oram (1999)? Could
the Oram (1999) data be directly converted to tee RWEA scale, and if so, what
factor, and is it linear. Does UEA plan to giveame to the ‘new’ scale so to avoid
confusion between the past and potential futundi@dion scales?

Author response

As pointed out above neither of the two works aergeviewed literature. To clarify,
both Oram (1999) and Lee (1994) provided resulsetaon the same calibration
scale.We have changed the statement to “The caomefactor from the old
calibration scale (Lee, 1994 and Oram, 1999) afighdd...”

The transfer is linear as can be concluded fromfadlewing statement: “To ensure
comparability of the data sets, 14 Cape Grim sasnptdlected between 1978 and
2004 have been analysed on both systems and th&seagree within uncertainties
for both isomers and show no indication for anyteaystic offset. “

The request to name the new scale has alreadydulrassed. Please the respective
response to reviewer #1.

Refer ee comment

page 7, line 14 ’at the time’. Why has the modédlbeen re-run with newly-available
data? Can the authors assess the error involvadhat?

Author response

We have, in the revised version, taken into acctlb@tnewly published absorption
cross section data for CFC-114a by Davis et all§20By re-running the model with
the Davis et al. (2016) absorption cross sectida,dhe emissions of CFC-114a have
slightly reduced in comparison to the old emissidesived using absorption cross
section data by Simon et al. (1988).

Also, we have revised the lifetime of CFC-114a fr@a00 years to 102 years. The
latter lifetime is in agreement with the WMO latestommendation for the lifetime
of CFC-12. However, most of the loss of CFC-114autside the model domain and
so the F value (as explained in the manuscriptpleas changed to 0.837, so that the
model will give the right lifetime. The range ofdiimes for CFC-114a has also been
revised accordingly i.e. from (80 -130 years) t@ (8133 years). Using the new
lifetime and photolysis data has overall caused wenall changes to the emission
estimates of CFC-114a with equally small knock-banges to the derived emissions
of the sum of the isomers (Figure 4) and the emissatios displayed in Figure 2.
None of these changes alters the overall concladbthe paper.

Referee comment



page 8, line 4, 'similar relative range’. Could ylo&t more quantitative?
Author response

We have included the numerical values (82 - 133s)ess requested.
Refer ee comment

page 12, line 21: Arent the GWPs given by Harrisalet(vs Carpenter et al)? |
couldn’t find the value of 8490 in either of theatwublications.

Author response

We have corrected the statement two-fold: 1) TheFGWéas reported by Hodnebrog
et al., 2013, which has been added to the referande€2) The number in the text was
wrong and has been changed to 8,590 (the calcalats correct).

Refer ee comment

page 7, line 24: Can you (perhaps in parenthedis}@e numerical value for the
height of the model domain?

Author response

The numerical value is 24 km which is already qifiget in the manuscript: “The
model comprises of grid boxes which have been &gdalided into 24 equal-area,
zonally-averaged bands and has 12 vertical laye2km depth.”

Minor suggestions/corrections:

page 3, line 28, line 30: Years should be in pd&resis, check entire manuscript for
this deficiency.

page 7, line 17: incomplete sentence.
page 8, line 3: double mentioning of 'for CFC-114’.

page 9, line 28: wouldn’t it be more appropriatevtite 'as emissions of the latter
continue to increase’.

page 11, line 26: Provide station name and cootresna

references: several obvious errors, check ms dbrefBaasandorj 2013: space
missing; Buizert: 55 Sturges; Marsh: lower casedsaf a journal article, same for
other references (e.g. Laube 2014, Sturges (2@#)scripted numbers in chemical
formulae (Oram 1999), Oram (2012)

Figures: The figures would greatly benefit from-gadoring of the axis label numbers
and text for CFC-114a



Supplement: Provide a title for the Supplementudiig the manuscript title, authors
etc.

Supplement: Provide numerical results of all flaskasurements and the major
calculation results (e.g. yearly emissions and tac#y bands).

Author response

All changes were made as requested.

Anonymous Refer ee #3

General comment

This manuscript discusses recent measurementsasbfiorocarbons CFC-114 and
CFC-114a in the atmosphere. The paper fills a gdpa knowledge of these ozone
depleting substances concerning the relative almgedaf each gas. The paper covers
the recent atmosphere as well as atmospheric igtong back to the early use

of these chemicals, and will be useful in futureo@z Assessment reports. The paper
is well-written and comprehensive. | have no probieith the scientific methods or
conclusion reached by the authors.

Author response

As an initial remark we would also like to acknodgde the work of this anonymous
reviewer which has further improved this manuscijglow please find responses to
all comments.

Refer ee comment

Pg. 5, Line 25: It seems that Laube et al 2010reftee best description of the
dilution method. | think Laube et al 2012 shouldLaeibe et al 2010.

Author response

The sentence was changed to “Calibration scales wstablished for CFC-114 and
CFC-114a by a two-step dilution process describeldaube et al. (2010) which was
improved later (Laube et al., 2012).”

Refer ee comment

Pg. 7, Line 17: The sentence “The recommended salug is missing something.
Author response

Both the sentence “The recommended values mentiabede are based on work by

and.” and the text above it are intended to coraseimilar message. Hence, sentence
and text have been revised as follows:



,The rate coefficients of 1.43 ¥1° cn?® moleculé' s* and 1.62 x 18° cm® moleculé

! s are applied for the reaction of @) with CFC-114 and CFC-114a. The
recommended values for CFC-114 and CFC-114a meti@bove are based on
work by Baasandorj et al., (2013) and Baasandai.g(2011), respectively.”

Refer ee comment

Pg. 7, Line 21: | believe that Carpenter and Reimetopted lifetimes based on
SPARC (2013), so it would suffice to use SPARC @is the reference for the 100
and 189 lifetimes.

Author response

CFC-114a was not included in the SPARC report wischihy we feel it is necessary
to keep both references.

Referee comment

Pg. 7, Line 5: Not really a complaint, just an olvaéon: You used a relatively

sophisticated model, and yet the model is drivegely by data from one site (Cape
Grim) or firn air (a smoothed record), and UV alpgion data needed to be highly
tuned using the parameter F to achieve the recomedetotal lifetimes. It seems a
simple model might suffice given the limited datauppose you used a model that
was readily available.

Author response

We are using a model that has been proven to wetkfar a variety of atmospheric
trace gases but in particular CFCs.

Refer ee comment

Pg. 8, Line 11: Not quite sure what is meant byljeday”

Author response

This was one of the first models to infer atmosmh&ace gas trends from firn air
observations. Many improvements have been made simd¢ we have provided some
details in section 3.4

Refer ee comment

Pg. 9, Line 10: In, “These two facts imply thatneasingly higher emissions of CFC-
114a would be needed to sustain increases in mratngs above those of CFC-114.
“ Do you mean that higher emissions of CFC-114ald/be required to sustain the
observed growth rate of CFC-114a? The mixing ratiGFC-114a was never higher
than that of CFC-114, so I'm not sure what you meeane.

Author response



We agree with the referee and have changed thersento: “These two facts imply
that increasingly higher emissions of CFC-114a wde needed to sustain relative
increases (as a percent of the abundance) abose th&€CFC-114.”

Referee comment

Pg. 9, Line 16: Carpenter and Reimann (2014) shatiethe assumption of 10%
relates to the abundance of CFC-114a relative ©6-CH4, based on measurements
from 1990. Please provide a reference for the &mitrassumption that the emissions
fraction is 10%.

Author response

We agree with the referee in that Carpenter ananRem (2014) state that their
assumption is based on data from the 1990s. How@aepenter and Reimann (2014)
apply this assumption to reported current CFC-1&dAds and mixing ratios (Table 1-
1) and in fact there is no recent evidence in therypeviewed literature challenging
this assumption.

Refer ee comment

Pg 12, Line 21: | can’t find GWP(100)=8490 in Carfe¥ and Reimann (2014). In

the 2014 Ozone Assessment, GWPs were listed int@hagHarris and Wuebbles),
where | see CFC-114 listed as 8530.

Author response

We have corrected the statement two-fold: 1) TheFGWas reported by Hodnebrog
et al., 2013, which has been added to the referande€2) The number in the text was
wrong and has been changed to 8,590 (the calcalats correct).

Refer ee comment

Figure S1: 1 don’'t know what “scen” means on tliegiof the two left-most figures.
Author response

The sentence in the figure caption was modified‘teft: Atmospheric time series
corresponding to the modelled firn profiles (bldicles, scen: scenario) in comparison
to Cape Grim air archive data (blue dots).”

Minor suggestions/corrections:

Pg. 2, Line 18: Consider using “phase out” in plat&an”. (minor)

Pg. 2, Line 18: Even though you define consumptioproduction + imports —
exports, and the MP does list control in terms afisumption in many cases, it is

more general to say that the MP regulates “prodoaind consumption”. This would
then be consistent with the statement on pg 2,26he



Pg. 2, Line 20: Suggest “has started to declinglate of “started to reduce”

Pg. 5, Line 5: Is this column commercially avaieblIf so, please tell us where you
purchased it.

Pg. 6, Line 6: Consider using “mole (mass)” in Iesince it is used in line 7.

Pg. 8, Line 20: Suggest “. . . ratios below 4%”vé& the uncertainties, anything
below 4% is clearly not well known.

Pg. 10 Line 11: Suggest “AFEAS data, which suggesiglly increasing emissions to
more than 5 Gg/year in the late 1940s, are incterdisvith our emissions estimates.”

Pg 10, Line 12: Suggest “Emission rates above yiGgliggested by AFEAS, are
unlikely to have occurred before the mid-1950'’s.”.

Figure 3 caption: The caption should read: “Gladraissions of CFC-114 and CFC-
114a derived from Cape Grim observations (solided)p with uncertainties
represented by dashed lines. The dotted linessepremissions derived purely from
firn air data.”

Author response

All changes were made as requested.



